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Abstract 
 
The useful life of mechanical components which experience highly stressed 
rolling/sliding contacts, such as rolling element bearings or gears, is limited by rolling 
contact fatigue (RCF). Surface initiated pitting is a mode of RCF which has in recent 
years received particular attention from industry due to its frequent occurrence in 
service. 
 
This work focuses on the growth behaviour of RCF cracks before they develop into 
surface pits. A three-contact disc machine was used to perform pitting experiments 
on bearing steel samples. Preliminary tests showed that surface initiated cracks 
could be reproduced under high contact pressure and mixed lubrication regime. 
However, it was not possible to detect them using the vibration monitoring system 
installed on the test rig. This led to the development of a high sensitivity crack 
detection system which employs the principle of magnetic flux leakage (MFL). The 
existing test rig was modified to accommodate an inductive sensor and required 
signal acquisition electronics. In addition, a signal processing procedure was 
developed to enable analysis in real time. It was shown that the MFL technique is 
significantly more sensitive than commonly used alternatives. The system is capable 
of automatically finding cracks down to about 100 µm in length. In addition, results 
have shown a linear relationship between defect size and signal amplitude which 
enables in-situ sizing of cracks. 
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Using the crack detector, a procedure to generate cracks and extract their growth 
rates was established. Crack growth was first studied under high contact pressure. It 
was found that initiation occurred very early in total life, which was attributed to high 
asperity stresses due to mixed lubrication regime. Total life to pitting was dominated 
by crack propagation, the speed of which was shown to depend on crack size. Small 
cracks grew at a steady and slightly decreasing rate until a critical size is reached at 
which propagation speed rapidly increases, shortly followed by pitting. Further study 
at lower loads confirmed that contact pressure is the main parameter controlling 
propagation speed. In order to identify a suitable crack propagation law, the 
measured crack growth rates were plotted against a stress intensity parameter 
expressed in terms of maximum contact pressure and crack size. The results 
suggest that after reaching certain length, rolling contact fatigue cracks grow 
according to a Paris‟ type power law, where the exponent of stress intensity 
parameter, and therefore contact pressure, was found to be approximately 7.5.  
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Chapter 1: Introduction 
This chapter outlines the background for the present project, followed by a statement 
of research objectives and a brief description of the structure of the thesis. 
1.1 Background 
The life of rolling element bearings and other machine components subjected to high 
contact stresses is affected by rolling contact fatigue (RCF). Correctly installed 
bearings operated with adequate lubrication ultimately fail by the mode of RCF called 
„pitting‟. Pitting causes progressive degradation of raceways through the loss of 
small fragments of material from the load-bearing surface, as illustrated in Figure 
1.1. The damage is produced by nucleation and growth of fatigue cracks under cyclic 
loading. Historically, the origin of cracks was typically at non-metallic inclusions 
present in steel. However, modern bearings fail mainly by surface initiated fatigue [1] 
due to improved steel quality, miniaturisation of bearings causing higher operating 
temperatures and the pervasive trend in the use of lower viscosity lubricants in 
machines in pursuit of efficiency improvements.     
 
Figure 1.1 - Pitting on a bearing raceway. Source: SKF. 
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Surface-initiated fatigue has been studied since the 1930s [2] and it is now 
recognised that some of the significant variables affecting life are contact stress, 
surface finish, lubricant film thickness and chemical composition [1]. The influence of 
these parameters has been established experimentally mainly using the „total life‟ 
approach, whereby the life to final pitting failure was measured under various 
conditions. This methodology suffers from highly scattered results and, crucially, 
does not provide any insight into the fundamental mechanisms that drive crack 
initiation and propagation and are responsible for the ultimate fatigue failure.  
 
In contrast, in an attempt to provide improved quantitative understanding of crack 
behaviour, a few authors have applied LEFM methods to the problem of surface 
crack propagation under contact. However, the majority of these studies are 
theoretical; the main focus is on mathematical models used to calculate the driving 
force behind rolling contact fatigue crack growth. Quantitative experimental data on 
rolling contact fatigue crack growth is scarce. This is especially evident when 
contrasted with the state of knowledge in structural fatigue, where crack growth has 
been thoroughly characterized by experiments for a large variety of materials, 
loading and environmental conditions. As a result, current predictive capabilities of 
LEFM in a number of advanced industries such as aerospace or nuclear are far 
greater than in the bearing industry. In order to bridge this gap, more experimental 
data is required on crack initiation and growth under rolling contact which would 
improve the understanding of mechanisms and help validate existing models. The 
present work aims to extend the knowledge in this area with particular focus on the 
propagation of surface initiated RCF cracks in bearing steel. 
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1.2 Research objectives 
In order to realise the aim of this research, which is to investigate surface RCF 
cracks, an experimental method to reproduce the cracks had to be established. 
Therefore, the first objective was to design an experimental procedure, based on the 
review of existing literature, to initiate cracks representative of failures observed in 
rolling bearings and measure their growth before the eventual formation of a surface 
pit. In addition, to overcome the difficulty in observing RCF cracks during tests, a 
monitoring system was to be developed which would enable automatic in-situ 
monitoring and test stoppage at the onset of cracking. 
 
With a suitable experimental procedure in place, the next objective was to 
characterize the growth behaviour of cracks. This involved investigating crack 
morphology, relative duration of initiation and propagation and measurements of 
propagation rates over a range of crack lengths and contact pressures. The latter 
measurements were to be used to provide further insight into fundamental 
mechanisms driving the growth of RCF cracks and ideally, derive reliable 
quantitative predictions for crack propagation.  
 
1.3 Layout of thesis 
Following this introductory Chapter, Chapter 2 provides a review of published 
literature on the topics of surface initiated cracking under rolling contact, linear 
elastic fracture mechanics and methods of crack detection. Subsequently, Chapter 3 
presents the design of the experimental procedures employed. Chapter 4 describes 
the crack detection system developed in the present project. Chapter 5 outlines 
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details of experimental procedures used during the test programme. The 
experimental results on crack initiation and propagation are presented in Chapter 6. 
The results are then discussed in the context of published literature in Chapter 7. 
Finally, Chapter 8 contains the conclusions drawn from the present research and 
recommendations for future work.     
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Chapter 2: Literature review  
This chapter presents a review of literature relevant to the present project, starting 
with a general overview of rolling contact fatigue, followed by a summary of 
experimental studies concerning the mechanism of surface initiated pitting, factors 
influencing fatigue life and crack initiation and propagation studies. Subsequently, 
the main principles of linear elastic fracture mechanics are outlined, followed by a 
summary of fracture mechanics and statistical rolling contact fatigue models. The 
last part of the chapter covers methods of crack detection applicable to the present 
work.   
2.1 Rolling contact fatigue in rolling element bearings: overview 
Rolling contact fatigue (RCF) is a failure mechanism occurring in a variety of 
machine elements which experience highly stressed rolling-sliding contacts. Among 
affected engineering components are rolling element bearings, gears, cams and 
tappets, as well as rail/wheel interfaces. In general, failure is caused by the loss of 
material from load-bearing surfaces due to initiation and propagation of fatigue 
cracks under cyclic loading [1,3,4]. An example RCF failure can be seen in Figure 
2.1 which shows a typical crater-shaped surface pit on a bearing raceway formed by 
a surface-originated crack which propagated into the depth of the material and then 
dislodged a portion of it. This type of damage rapidly propagates under continued 
running, eventually affecting a large portion of the raceway, as shown in the 
photograph of Figure 2.2, and causing ultimate failure of the bearing.  
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Figure 2.1 – Surface-originated pit on a bearing raceway. Circle marks the 
crack initiation site. Reproduced from [5]. 
 
 
Figure 2.2 – Advanced stage of surface-originated pitting on a bearing 
raceway. Reproduced from [6]. 
 
One of the earliest records of experimental research on RCF comes from 1935 when 
Way [2] studied the mechanism of pitting in steel discs. It was the first documented 
attempt to study RCF using a disc test rig to reproduce failures found in actual 
engineering components and has stimulated important future research. Most early 
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work, however, focused on full-scale bearing testing aimed at identifying the factors 
which affected service life of rolling bearings. This lead to the publication of a 
theoretical bearing life model by Lundberg and Palmgren [7] in 1947 which laid the 
foundation for bearing rating models used today.  
 
In the 1960s, researchers started to look more closely into the mechanisms 
governing rolling contact fatigue failures, resulting in a number of review papers 
which differentiated between various manifestations of RCF and investigated their 
origins. Publications by Wren and Moyer [6], Martin and Eberhardt [5], Tallian [8], 
Littmann [3,4] provided a classification of the modes of RCF damage occurring in 
rolling element bearings with respect to their origin: inclusion (subsurface), point 
surface, peeling (commonly referred to as „micropitting‟ today), and the modes more 
specific to certain types of bearing geometric stress concentration, e.g. ends of 
cylindrical rollers, and sub-case fatigue in case hardened bearings.  
 
In the subsurface initiated mode, cracks usually start at non-metallic inclusions in the 
region of maximum range of orthogonal shear stress or the absolute maximum shear 
stress [4]. Propagation ensues initially parallel to the surface and perpendicular to 
the rolling direction, with branching cracks running along the planes of cyclic shear 
stress, until the surface is broken and a sufficiently large portion of the material 
becomes undermined to form a spall [4]. Sub-surface initiated spalling used to be the 
most prevalent mode of failure in rolling element bearings, so much so that Lundberg 
and Palmgren did not consider surface initiation in their work [7]. However, advances 
in steelmaking technology allowed the inclusion content of steels to be lowered, thus 
greatly reducing the probability of this type of failure [9,10].  
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The relative prominence of subsurface initiated failures was also further reduced by 
the progressive decrease in bearing size for a given load capacity, which resulted in 
higher operating temperatures and consequently thinner lubricant films. In addition, 
industries increasingly started paying attention to the efficiency of machines, leading 
to the use of less viscous lubricants. As a consequence, today many bearings 
operate mainly in the mixed lubrication regime [11–14], which results in increased 
propensity for surface initiated failures [1,9]. This shift in location of failure origins 
was also reflected in the update to the Lundberg and Palmgren life model published 
by Ioannides and Harris [9], which, amongst other additions, recognized that the 
RCF life models should include more accurate predictions of near surface stresses 
due to asperity contacts. 
 
There are two main modes of surface initiated RCF which affect rolling element 
bearings: micropitting and pitting („macropitting‟). Micropitting has the appearance of 
extensive cracking to a depth limited to the zone affected by asperity stresses (tens 
of micrometers below the surface), causing loss of material from large surface areas. 
It has been shown that it is caused by stresses associated with roughness and can 
be eliminated by maintaining a sufficient lubricant film thickness or improving surface 
finish in order to achieve a sufficiently high value of specific lubricant film thickness 
[15,16]. Surface-initiated macropitting on the other hand is difficult to avoid and is the 
main failure mode of rolling bearings. Consequently, it has received significant 
attention from the research community over the years and the key publications 
relevant to the present work are described in the Sections below, beginning with the 
mechanism of damage.  
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2.2 Mechanism of surface-initiated pitting 
As described before, the process of pitting consists of two phases: crack initiation 
and propagation. Crack initiation occurs either at indigenous stress raisers present 
on the surface of the material, such as scratches, grinding furrows or defects 
introduced during operation, for example debris indentations or damage arising from 
asperity contact [5,17,18]. In some cases initiation was observed at near-surface 
inclusions [5], however, in bearings made of clean steel this is considered to be 
unlikely. Alternatively, it has been suggested that crack nucleation can be caused by 
asperity stresses [19]. 
 
Early cracks are found to break the surface at shallow angles, typically about 20° 
[1,17,20–23]. Experiments on disc machines showed that the direction of crack 
inclination is controlled by the direction of the applied surface friction, which in turn 
depends on the direction of slip [1,17,20–23]. Cracks are usually inclined against the 
direction of applied surface friction, as can be seen in Figure 2.3. 
 
 
Figure 2.3 – Photograph of a transverse section of a steel roller showing small 
surface-breaking cracks inclined against the direction of applied surface 
friction force. Reproduced from [1]. 
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Incipient cracks initially grow straight into the material with little deviation from the 
original plane of initiation [1,4]. Figure 2.4 shows photomicrographs of this type of 
cracks found in rolling bearings. As cracks propagate deeper into the subsurface, 
their trajectory changes and they start to turn parallel to the surface [1,4]. It has been 
noted that no clear relationship between the subsurface Hertzian stress distribution 
and crack trajectory is usually observed [3]. When viewed from the top, cracks 
display a characteristic arrowhead-shaped propagation pattern [1–4]. Consequently, 
such cracks are sometimes described as „v-shaped‟ or „fan-shaped‟. An example of 
this pattern of propagation can be seen in the sequence of micrographs in Figure 
2.5, showing the formation of a pit at a surface indentation. The pointed tip of the 
arrowhead is usually where the initiation site of the crack lies [3,5] and the 
arrowhead points in the direction from which contact pressure approaches; 
propagation occurs against the direction of rolling.   
 
 
Figure 2.4 – Examples of surface initiated cracks in a bearing raceway. 
Reproduced from [4]. 
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Figure 2.5 – Sequence of images showing surface crack propagation from an 
indentation and subsequent pitting. Reproduced from [1]. 
 
Pit formation occurs when the main crack turns upwards and returns to the surface 
or a secondary crack branches out and breaks the surface [1,4]. This is shown on 
the schematic diagram in Figure 2.6. Typical appearance of pits resulting from this 
process can be seen in Figure 2.7 which shows examples found in failed bearings. 
 
 
Figure 2.6 – Schematic drawing showing typical geometry of a surface initiated 
pit. Reproduced from [24]. 
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Figure 2.7 – Photographs showing typical appearance of surface initiated pits 
in a rolling bearing raceway. Reproduced from [5]. 
 
The mechanism of fracture in the process of pitting was investigated by Borgese [18] 
using fractography. A replica of a surface spall initiated at a grinding furrow on a 
bearing raceway was studied using scanning electron microscopy. Images of 
fracture surface replicas revealed striations near the leading edge of the pit, 
confirming that propagation, at least initially, occurred by the process of ductile 
fatigue. However, authors found evidence of cleavage sites fracture in the trailing 
part of the spall, and suggested that brittle fracture might occur at larger crack sizes. 
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2.3 Factors influencing surface initiated pitting 
This Section describes the most important factors influencing surface initiated rolling 
contact fatigue.  
2.3.1 Surface roughness and lubricant film thickness 
The significance of surface roughness and film thickness for pitting life was first 
demonstrated by Way [2]. He found that polished discs were more resistant to pitting 
than rough-machined ones and that pitting could be prevented by using a lubricant 
having viscosity above some critical value.  
 
Shotter [25] also investigated the effect of roughness on pitting using a disc machine 
and gear steel specimens. He concluded that rough discs were more likely to pit due 
to surface plastic deformation caused by asperity interactions and that such 
deformation did not occur with smooth discs, which prolonged fatigue life.  
 
The influence of roughness was further examined by Dawson [26], who performed a 
systematic study on soft rail steel discs, varying both the surface roughness and 
lubricant viscosity. First, using specimens of different surface finish quality, he 
confirmed that smoother discs gave longer fatigue life. Next, he examined the effect 
of lubricant film thickness on life by varying entrainment speed and oil temperature. 
Results showed that both ways of increasing film thickness gave longer fatigue life, 
which was attributed to the lower frequency of damaging asperity interactions as film 
thickness increased.  Dawson attempted to quantify the quality of lubrication using 
the D parameter which he defined as the ratio of total roughness of surfaces to the 
predicted minimum oil film thickness. He found that pitting life results correlated well 
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with the D ratio, with increased life found at lower D. In a follow-up paper [27],  
Dawson used a wider range of lubricant viscosities to perform similar experiments 
and found that at very small D ratios no pitting could be produced during a 
reasonable test period. Similar results were observed by other researchers [17,21].  
 
Tallian [8] later introduced an alternative parameter  to Dawson‟s D ratio called Λ 
which is given by 
 
  
  
   
    
 
 
 
Eqn. (2.1) 
 
Where h0 is the minimum elastohydrodynamic lubricant film thickness and the 
denominator is the composite roughness, where σ1 and σ2 are the root mean square 
values of surface roughness of bodies in contact. The effect of Λ on fatigue life was 
confirmed in a number of tests on discs and bearings [17,28–33] and has since been 
included in standard design procedures, where rolling element bearings are 
recommended to run at a minimum of Λ = 1.5 – 2 [34].  
 
Measurements of electrical resistance in contacts revealed that under low  , 
asperities penetrated the EHD lubricant film [35,36] and the frequency and duration 
of asperity interactions increased as   was lowered [35,36]. Under conditions of 
incomplete separation of surfaces by lubricant film, load is shared between the EHD 
film and asperities [26,27,37]. As a result, the real contact area is much smaller than 
when calculated for smooth surfaces and the Hertzian pressure distribution is 
modified by asperity contact pressures. 
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Webster and Sayles [38] developed a two dimensional numerical model that enables 
calculation of asperity pressures and associated subsurface stress distributions for a 
frictionless contact using roughness profiles measured on real surfaces. In a 
subsequent paper by Bailey and Sayles [39], the model was used to calculate 
asperity pressures and associated subsurface stresses for real roughness traces 
taken from virgin and run-in profiles of disc specimens. Stresses several times higher 
than nominal were found in the immediate subsurface, with maximum values of 
shear stresses at or near the surface, even after asperities have been flattened by 
plastic deformation and wear during the process of running-in.  
 
Kim et al. [40,41] used the output of the Bailey and Sayles [39] model to compute the 
probability of failure for dry rough contacts using real roughness profiles and realistic 
conditions. The risk of failure was highest at the surface and in the immediate 
subsurface at depths up to 30 µm. While the analysis did not include effects of 
lubricant, which would attenuate the roughness pressures, the results clearly show 
that roughness stresses are very significant for surface crack initiation.  
 
Plastic deformation due to roughness can occur even at light loads, leaving upon 
unloading detrimental tensile residual stresses in the subsurface, which promote 
crack propagation [42,43]. If sliding is present in the contact, roughness stresses are 
more damaging due to the sweeping of asperities over a larger portion of material 
during contact time [40]. The regions affected by cyclic asperity interactions might 
become sites for crack initiation [42,44]. Cracks are found to propagate along the 
boundary between the work-hardened plastically deformed regions and the softer 
matrix due to the developing residual stresses [45,46].  
30 
 
 
In relation to the present research, the main conclusion stemming from this part of 
literature review is that the Λ ratio must be controlled in pitting experiments since it 
affects fatigue endurance and determines the most likely mode of failure. In order to 
ensure that surface cracks are generated relatively quickly, Λ ratio should be set 
below 1 while ensuring that it is high enough so that micropitting is avoided. The 
selection of Λ ratio is addressed in the Experimental Design Section.  
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2.3.2 Surface friction 
A number of studies conducted using fatigue test rigs with friction measurement 
showed that friction could have a detrimental effect on rolling contact fatigue life by 
enhancing initiation and propagation of cracks [17,20,47]. 
 
First, the negative effect of friction can be explained by its direct influence on the 
stress regime. The coefficient of friction between surfaces in contact controls the 
magnitude of the tangential force and thus the stresses experienced by the surfaces 
[48]. The influence of friction extends into the subsurface where it affects the 
Hertzian stress field. Smith and Liu [49] calculated that friction increases the 
subsurface shear stresses and shifts the location of their maxima towards the 
surface. As a result, high stresses can occur in the normally quiescent zone between 
the near-surface region affected by asperity stresses and the region of high shear 
stresses found at larger depths [39,50,51], offering a path for RCF cracks to 
propagate into the material. 
 
Furthermore, friction may also influence fatigue life indirectly by enabling hydraulic 
crack propagation, a mechanism first proposed by Way [2] and subsequently 
confirmed as plausible in a number of fracture mechanics studies [26,52,53]. The 
mechanism offers an explanation as to why pitting in rolling/sliding contacts occurs 
preferentially on the slower surface (the follower). The surface of the follower 
experiences a tangential friction force in the direction of rolling and opposite to the 
direction of the motion of contact [54–56]. If a suitably oriented crack is present in the 
surface, the tangential force can open it, allowing the lubricant to seep in [54,55,57]. 
Fluid pressure can then either directly act on crack faces, or fluid might be entrapped 
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and pressurized inside the crack while the contact passes over the crack [54,55,57]. 
In either case, fracture mechanics studies predict faster crack propagation rate 
[54,55,57].  
 
Finally, surface friction can affect rolling contact fatigue life by influencing the Λ ratio. 
Friction coefficient controls the heat input into the contact and consequently the 
temperature of the surfaces [58,59]. This in turn determines the contact inlet 
temperature which is directly related to lubricant viscosity at inlet and consequently 
elastohydrodynamic film thickness.  
 
In relation to the present study two points concerning surface friction are important: 
  
 The test specimen in pitting tests should be set as the follower in a 
rolling/sliding configuration in order to maximize risk of failure  
 The friction coefficient in contact should be measured and controlled since it 
can affect fatigue life via a number of mechanisms   
 
2.3.3 Lubricant assisted propagation 
Lubricant effects on crack propagation have been observed since the earliest RCF 
studies. Way [2] conducted both lubricated and dry pitting tests on rail steel discs in 
which he found that cracks did not propagate without lubricant. In order to explain 
this behaviour, he proposed that crack growth occurred via a hydraulic crack 
propagation mechanism, whereby crack extension was enhanced by the contact 
pressure being transmitted to the crack tip by the lubricant filling the crack.  
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Dawson [23] performed similar experiments on rail steel discs and confirmed the 
plausibility of Way‟s hypothesis. In addition, it was found that surface cracks initiated 
during dry tests but had a different morphology than cracks initiated with lubricant. 
 
The lubricant‟s effect on crack propagation was further supported by observations 
that cracks propagated faster with lower viscosity lubricants. Littmann [19] has 
observed this behaviour in a study performed on taper roller bearings, where 
lubricant viscosity was varied both by changing the base viscosity and test 
temperature. The authors attributed this behaviour to the fact that lower viscosity 
lubricants could more readily penetrate the crack, thus enhancing the hydraulic crack 
propagation effect.  
 
Murakami et al. [60] carried out pitting experiments on a disc machine during which 
crack propagation was observed. In one of the tests, after a crack has initiated the 
direction of rotation was reversed, which resulted in crack growth arrest. The authors 
explained this behaviour by proposing that the hydraulic effect was necessary for 
propagation and that it could not operate after the rolling direction was reversed 
because the crack would be over-rolled from the tip to the mouth, thus preventing 
pressurization.   
 
In order to check if lubricant ingress into surface cracks was feasible, several authors 
devised inventive experiments. Michau and co-workers [52] studied lubricant 
penetration of surface cracks using a disc test rig which enabled visual observation 
of cracks during operation by means of a high speed camera.  They observed that 
even long cracks completely filled with oil and were pressurized by the passing 
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contact, confirming that hydraulic crack propagation could be a plausible hypothesis. 
However, the cracks investigated in this study ran through the whole thickness of the 
disc specimens so they opened more readily than more realistic RCF cracks which 
are constrained by material at both sides.  
 
Oil ingress into an actual rolling contact fatigue crack was investigated by Olver et al. 
[53]. A micropit with a ~200 µm surface crack attached to it was generated in a disc 
machine and then installed in a test rig which enabled lubricant film thickness 
measurement using optical interferometry. Measurements of film thickness during 
passage of the contact over the defect showed a reduction of film thickness ahead of 
the micropit, suggesting that the micropit and the crack fill with lubricant.  
 
Fletcher et al. [61] performed full scale rail tests where he found that water based 
fluorescent marker fluid readily penetrated even very long surface cracks. 
 
Based on the experimental investigations reviewed in this Section, it is feasible that 
lubricant plays an important role in the propagation of surface cracks. Further studies 
in this area were carried out using fracture mechanics and are covered in Section 
2.5.   
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2.4 Experimental studies of RCF crack propagation 
The majority of published experimental studies on rolling contact fatigue are 
concerned with total fatigue life to pitting. Although qualitative observations of crack 
initiation and propagation have been reported in a number of publications, leading to 
an increased understanding of the mechanisms leading to failure, there is a lack of 
quantitative data in the form of crack propagation rates measured under various 
conditions. This is especially in contrast to the large volumes of data published in 
structural fatigue, but is not surprising due to experimental difficulties in measuring 
crack extension under rolling contact. Some studies however have published limited 
data on RCF crack measurement and these are reported below. 
 
Soda et al. [17] studied the influence of surface finish and surface traction on surface 
crack initiation and propagation in 0.45% carbon steel using a three-contact disc 
machine. Pitting tests were interrupted periodically to take photographs of surface 
cracks from which measurements of crack size against number of cycles were 
obtained. Results show the existence of two regimes of crack propagation with 
respect to the rate of propagation. At first, shallow cracks propagated at low rate 
which was independent of surface traction. Upon reaching a certain size, growth rate 
accelerated and became sensitive to the direction of applied surface traction. Soda 
proposed that the growth of shallow cracks was mainly driven by stresses related to 
surface roughness.  
 
Murakami et al. [60] performed pitting experiments on a two-disc machine in order to 
examine the effects of surface traction direction, rolling direction and specimen 
hardness on propagation of surface-breaking cracks in a two-disc test rig. Pitting 
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tests were first run under rolling/sliding conditions, with the test specimen as the 
follower until surface crack growth could be observed. Propagation was followed by 
interrupting the test to take photographs of cracks. The first series of tests was 
performed at a contact pressure of 1.18 GPa using soft steel discs. The measured 
crack growth curves produced show that reversal of the direction of frictional force 
and the reversal of the direction of rotation both resulted in the arrest of crack 
propagation. In the test in which the test specimen remained the follower, crack 
propagation proceeded uninterrupted until a pit was formed. On the basis of fracture 
mechanics calculations, the crack arrests were attributed to the negation of hydraulic 
propagation effect due to the impossibility of the crack opening and filling up with 
lubricant after friction force or rotation direction is reversed. 
 
The publications by Soda et al. [17] and Murakami et al. [60] both report 
measurements of crack size against the number of elapsed contact cycles. It is 
therefore possible to extract crack growth rates from the published results. However, 
as the tests were focused on investigating the effect of surface traction on crack 
propagation, with no attempt to examine the effects of contact pressure on growth 
rates, this data is not sufficient to generalise crack growth and obtain predictive 
ability.  
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Due to practical difficulties in following crack propagation under rolling contact, 
particularly the inability to measure subsurface crack lengths in a non-destructive 
manner, some authors devised original experimental methods which allowed 
measurements to be performed, providing some insights into crack propagation, 
although not always under realistic contact conditions.     
 
Polk and Rowe [62] measured crack development and branching using a linear 
intercept method in which a grid is placed over a photograph of a crack and 
intersections of the crack with the lines are counted to establish a crack severity 
parameter. The authors found good correlation of the parameter with L10 life, 
however, their method of crack measurement was destructive therefore it was not 
possible to establish growth rates directly.  
 
The intercept method was also used by Eryu et al. [63], Leng et al. [64] and 
Longching et al. [65] who performed RCF experiments on bearing steel discs with a 
geometry that enabled visual observation of subsurface crack development at the 
side of the discs. Plots of crack size as a function of elapsed contact cycles show 
two propagation stages: lower growth rate phase, which the authors named „stable‟, 
and a faster growth phase, named „unstable‟, followed by spalling [63]. Crack 
initiation occurred early in life and the stable propagation phase was proportionally 
the longest. Results on case-hardened steel discs show the same distinct phases of 
propagation, which constituted on average 56% and 31% of total life for the stable 
and unstable phases respectively, with the remaining 13% for crack initiation [64]. 
Early crack initiation (less than 10% total life) at subsurface inclusions was shown by  
Longching et al. [65]. While these studies provided some interesting insights into the 
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behaviour of RCF cracks, the specimens were deliberately designed to introduce a 
stress concentration.   
 
Another study on subsurface crack propagation was published by Yoshimura et al. 
[66], who developed a technique which enabled artificial crack-like subsurface 
defects to be installed in disc-shaped specimens. Subsurface crack growth was 
observed in soft steel and aluminium alloy specimens, with measurements of 
average crack growth rates. The author concluded that crack growth occurred in 
mode II and III.  
 
Cheng et al. [67,68] performed RCF tests on hardened steel rollers, which were ran 
against discs of various surface roughness. In order to localize crack initiation, the 
surface of the rollers contained various artificially installed defects. Λ ratio was 
controlled by changing the roughness of the mating disc. In pure rolling, the initiated 
cracks had an unusual geometry, with their long axis being parallel to the rolling 
direction. The authors proposed that crack initiation occurred due to asperity 
interactions. Two mechanisms were proposed: mode I initiation in longitudinal 
grooves existing in the surface, mode II initiation in the immediate subsurface in the 
region where alternating subsurface shear stresses are highest due to asperity 
pressures  or a combination of the two. It was found that the higher the Λ ratio the 
less cracks initiated. With rolling/sliding, crack initiation occurred only at Λ <0.3, with 
no cracks at Λ > 0.5 except in the vicinity of the artificial defects. The period to crack 
initiation was influenced by the hardness of the specimen. Surface profilometer 
measurements of specimen roughness showed that wear might change Λ ratio and 
interfere with surface crack initiation and propagation.  
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Tyfour et al. [69] performed rolling contact fatigue tests on rail steel specimens with 
reversal of direction of rolling at specified intervals in the test, defining the reversal 
factor. It was found that life increased with the reversal factors. In addition, reversals 
changed the morphology of cracks, causing them to change direction. 
 
Other studies examined the propagation of pits, which is much easier to measure. 
Miki et al. [70] recorded surface initiated pit growth in soft carbon steel at different 
loads and derived a pit growth law, relating pit propagation rate to initial pit size and 
applied contact stress. Pit propagation tests performed by Rosado et al. [71] on 
rolling bearings made of AISI 52100, M50 and M50 NiL steels showed that the rate 
of pit growth was dependent on the fracture toughness of the material. 
 
2.5 Linear elastic fracture mechanics (LEFM) 
2.5.1 Stress intensity factor 
As described above, the majority of past experimental work on pitting fatigue was 
conducted using the total life approach, i.e. the number of cycles to failure was 
measured under various operating conditions. This method requires large sample 
populations to be tested due to the scatter inherent in fatigue tests, which is time 
consuming and expensive.  Results of tests conducted in this manner on bearings 
form the basis of modern bearing life rating models [7,9]. This approach however 
relies on statistical interpretation of life test results without consideration for the 
fundamental processes behind the failure mechanism. Fracture mechanics is a 
methodology of analysing fatigue failures based on quantitative understanding of 
crack initiation and propagation and may, therefore, offer one way to provide 
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improved understanding of RCF crack behaviour. A number of authors used LEFM 
methods to calculate stress intensity factors (SIFs) for idealized RCF surface crack 
geometries and thus elucidate the potential mechanism of propagation.  
 
The driving force for crack growth is the stress intensity factor, K. This parameter 
defines the stress field in front of a crack tip. The general form of K is given by 
 
         Eqn. (2.1) 
 
where Y  is the shape factor which depends on the location of the crack and 
geometry of the cracked body,   represents the remote stress applied to the cracked 
body and a is the crack half-length. Depending on the direction of the applied stress, 
crack tip loading occurs in one of the three modes which are illustrated in the 
schematic drawing in Figure 2.8. Mode I is termed opening or tensile mode. Modes II 
and III are named sliding (in-plane shear) and tearing (out-of-plane shear) modes 
respectively.  Each of the loading modes results in a separate value of SIF. In more 
complex cases where the stress state is multi-axial, the SIF can be combined using 
appropriate expressions [72]. 
 
Figure 2.8 – Schematic diagram of crack loading modes 
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2.5.2 Fatigue crack propagation 
The main purpose of fracture mechanics is to predict the crack growth rate at the 
applied loading conditions, allowing estimations of remaining fatigue life to be made. 
This is done using empirical crack growth laws which relate the range of applied 
stress intensity factor at the crack tip to the crack extension rate. Among various 
crack growth laws developed over the years, the Paris‟ law proposed by Paris and 
Erdogan [73] in 1963 is the most widely used. Paris‟ law is given by the power-law 
type expression 
 
  
  
        
 
Eqn. (2.2) 
 
where da is the distance the crack tip extends per fatigue cycle dN and    is the 
applied range of stress intensity factor. C and m are material constants determined 
by fitting the expression to experimental crack growth data. Results of crack 
propagation measurements are plotted on log-log scales where da/dN is the 
abscissa and    is on the ordinate. The schematic graph in Figure 2.9 shows a 
typical mode I crack propagation curve obtained for a long crack. Crack growth is 
typically recorded for values of     between    , which is the threshold value below 
which crack arrest occurs, and     which is the critical value, equal to the fracture 
toughness of the material, at which failure occurs within one load cycle. Within this 
range, three regimes of crack growth can be distinguished, depending on the 
magnitude of   , as indicated in Figure 2.9. Paris‟ law is only valid in regime B, 
where crack growth data falls on a straight line. At lower values of    Paris‟ law 
overestimates the growth rate. Conversely, as    approaches    , crack growth 
becomes unstable and faster than that predicted by Paris‟ Law. 
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Figure 2.9 - Schematic diagram of a typical crack growth curve with distinct 
crack propagation regimes. Reproduced from [74]. 
 
2.5.3 Behaviour of short and long cracks 
The typical crack growth curve presented previously describes the general behaviour 
of relatively long cracks only, and very small cracks deviate from this behaviour. As a 
result of numerous studies on the growth of very small cracks, it is now recognized 
that crack growth behaviour does not depend solely upon the value of   , but also 
on the relative crack size. Fatigue cracks are classified with respect to their size 
either as long or short cracks. In a review paper Suresh and Ritchie [75] provided the 
definitions of short cracks as: 
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 Size comparable to characteristic microstructural dimensions of matrix 
material, i.e. grain size.  
 Size comparable to the local plasticity zone  
 Physically small: length smaller than 0.5-1 mm   
As illustrated in Figure 2.10, short cracks are observed to readily propagate at values 
of stress intensity factor below the threshold measured for long cracks. This means 
that in a test at constant load, the crack growth rate will go through a minimum as the 
crack grows from short crack and then transitions into long crack regime. In addition, 
short cracks subjected to the same stress intensity as long cracks propagate at a 
rate equal or faster than an equivalent long crack. In practice this means that Paris‟ 
law determined from long crack data, as it usually is, will underestimate the growth 
rate of short incipient cracks. This can be significant when applying fracture 
mechanics to life predictions as most crack growth data comes from experiments on 
long cracks but many engineering components might spend considerable periods in 
the short crack regime. The behaviour of short cracks in structural fatigue is often 
attributed to the development of closure stresses which reduce the effective stress 
intensity factor at the crack tip (crack tip shielding) [74].  
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Figure 2.10 – Schematic diagram of a crack growth curve showing typical 
behaviour of short and long cracks 
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2.6 Rolling contact fatigue models 
Over the years, researchers have showed continuous interest in modelling the rolling 
contact fatigue phenomena. These activities have been either focused on predicting 
rolling contact fatigue life with empirical models or fracture mechanics models 
describing the behaviour of cracks under given conditions. A brief summary of the 
main developments is given here with emphasis on the results relevant to the 
present project.  
 
2.6.1 Statistical life rating models 
Perhaps, the most significant publication in rolling contact fatigue life predictions was 
presented in 1947 by Lundberg and Palmgren [7] who developed an empirical 
formula to calculate the probability of pitting failure in rolling element bearings. The 
model was based on the results of multiple bearing fatigue tests analysed using the 
statistical methods developed by Weibull [76]. The authors proposed that pitting 
failure started in the subsurface due to a distribution of inclusions and the driver for 
crack initiation was the maximum range of orthogonal shear stress. This model has 
been widely adopted by the industry and became the standard bearing life rating 
method.  However, the formulation does not take into account the stresses due to 
the presence of an EHD film, surface roughness and traction as well as omitting the 
fact that failure in actual components is often surface initiated. Some of these 
shortcomings were later addressed by Ioannides and Harris [9] who published an 
updated version of the model. They postulated that failure could occur anywhere 
within the stressed volume and each volume element had its associated risk of 
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failure which depends on the applied stress regime. In addition, this model 
introduced the fatigue limit for critical stress below which failure does not occur.  
 
The underlying assumption behind these models is that the process of crack 
initiation dominates in the total life, and subsequent crack propagation period is 
negligible. Regardless of whether or not the propagation phase forms a significant 
part of the total life, the total life predictions of the commonly used bearing life 
models of Lundberg and Palmgren, Ioannides and Harris etc. are correct, as has 
been confirmed by many studies, because they incorporate empirical constants 
obtained from experimental measurements of total life to pitting. Other researchers 
developed models which take into account crack propagation. Models of this type 
were developed by Chiu and Tallian et al. [77] as well as  Kudish and Burris [78,79]. 
Both of these models are based on Paris‟ Law and assume either negligible initiation 
time or initial defect size.   
 
2.6.2 LEFM models 
Models employing LEFM to analyse rolling contact fatigue mainly concern the 
calculation of stress intensity factors for various idealised crack geometries under 
Hertzian stress, using a variety of numerical techniques. In addition, some authors 
presented simulations of crack propagation, using the calculated SIFs to predict 
crack growth trajectory as well as employing crack growth laws to estimate fatigue 
life [50,56,80–86].   
 
A large body of literature has been published treating both sub-surface [87–90] and 
surface breaking cracks [50,54–57,80,82,90–94,94–102]. The approaches often 
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differ between authors with respect to how their models treat aspects potentially 
affecting crack propagation such as the influence of crack face friction, crack 
pressurization of the crack by lubricant, roughness stresses or material 
microstructure. Due to lower complexity and computational cost most studies cover 
two-dimensional cracks, which predict higher values of stress intensity factors than 
those obtained by the more realistic three-dimensional analyses. Nevertheless, the 
2D results can still be used to provide qualitative understanding of crack growth. 
Therefore, the most significant numerical results of such models are summarized in 
the present thesis, while avoiding detailed discussion of the technical aspects of 
each model are omitted.    
 
2.6.3 Fracture mechanics description of crack behaviour 
Results of numerical models show that propagation of inclined surface-breaking 
cracks under rolling contact occurs in mixed mode; both tensile and shear stress 
intensity factors KI and KII are predicted in two-dimensional solutions  [57,80,91] 
while three-dimensional calculations also give significant KIII SIFs [55,103,104].  
 
The relative magnitude of tensile and shear SIFs depends on whether the crack 
pressurization by the lubricant is taken into account. Without pressure effects 
propagation is predicted to proceed mainly in shear mode, since the calculated 
values of KII are always larger than KI [57,91]. Shear mode growth occurs with little 
deviation from the original plane of initiation [80,93,94].  Shear mode propagation is 
possibly enhanced by lubricant ingress into the crack which is thought to reduce the 
friction coefficient between the crack faces thereby allowing larger shear 
displacements. This is reflected in the higher values of KII predicted by models which 
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consider this effect [57,80]. The shear growth of shallow cracks is enhanced by the 
presence of stresses due to asperity pressures [50]. 
 
The introduction of lubricant pressure acting on crack faces, either due to hydraulic 
effect or fluid entrapment, creates large values of tensile stress intensity factors 
[57,80,91,96,98] while also increasing KII due to decreased crack locking [57].  It 
must be noted that the magnitude of pressure-induced KI strongly depends on the 
method used to implement it in the model. Most models impose arbitrary values of 
pressure in the crack to simplify the calculation. However, pressure inside the crack 
is a result of complex interactions between the crack and lubricant film and varies 
during the passage of contact.  Recently Balcombe et al. [98] presented a model 
which captures this behaviour by coupling fluid and solid solvers. Results show that 
the simplified pressure formulations might overestimate  SIFs [98]. The effect of KI, 
apart from speeding up propagation, is to change the angle of propagation from the 
original shear plane, which seems to explain the growth towards the surface 
observed in experiments [55,80]. 
 
The effect of increasing surface traction is to increase both KI and KII [57]. In addition, 
the direction in which surface traction is applied is significant; higher KI and KII are 
predicted for negative traction [57]. Furthermore, the effect of direction of motion of 
load is apparent; movement of contact from crack mouth to crack tip results in 
maximum values of SIFs for dry cracks [57] as well as in the lubricated cases where 
it enables fluid entrapment [57] and hydraulic crack propagation [91]. These results 
are consistent with the experimental observations of crack growth reviewed in 
Sections 2.3 and 2.4.     
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 2.7 Magnetic flux leakage crack detection 
In order to study the growth of RCF cracks a suitable non-destructive method of 
crack detection and measurement is required. The present study uses magnetic flux 
leakage (MFL) for this purpose and, therefore, this Section describes the main 
aspects of this method. MFL is a non-destructive method of detecting flaws in metal 
components [105]. The technique relies on the fact that magnetic field „leaks out‟ of 
defects in magnetized ferrous specimens [106]. The interior of a uniformly 
magnetized metal bar can be visualized as an array of elemental dipole magnets 
aligned along the direction of magnetization [107]. The poles of each dipole are 
compensated by adjoining poles of reverse polarity hence there is no contribution 
from the interior of the bar to the magnetic field outside of the specimen [107]. On 
the other hand, the surfaces at the ends of the bar have opposite and 
uncompensated polarities [107]. As a result, a magnetic field is established about the 
bar as shown in Figure 2.11 a). A slot cut in the material creates two additional 
surfaces that acquire uncompensated opposite polarities [107]. Therefore, a local 
magnetic field is established in the vicinity of the slot, or any other flaw, as shown in 
Figure 2.11 b). 
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Figure 2.11 - Magnetic fields around a) unflawed b) flawed magnetized metal 
bars. Reproduced from [107]. 
 
In practice, perturbations of magnetic flux occur around any surface or subsurface 
feature of different magnetic permeability than the surrounding material [107]. In 
steels, magnetic flux flows around areas of lower permeability such as surface and 
subsurface cracks, dents, pits and non-metallic inclusions [107]. These flaws can be 
detected by magnetizing the material and using a suitable sensor to convert the 
leaking magnetic flux into voltage.  
 
The technique is well established in the field of non-destructive testing of pipelines 
and pressure vessels [108,109]. Some attempts to apply MFL to the detection of 
rolling contact fatigue cracks have been made using inductive sensors, such as 
magnetic tape recorder heads or similar, which are described below. Sensors of this 
type consist of a conductive coil wound onto a high magnetic permeability core with 
a narrow non-magnetic gap as shown in Figure 2.12 [110]. When the gap is passed 
over a defect, the leaked magnetic flux magnetizes the core thus inducing a voltage 
in the winding [110]. The typical MFL signal from a fatigue crack is also shown in 
Figure 2.12. 
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The first described application of MFL to detection of rolling contact fatigue cracks 
was by Dawson [111], who detected artificial cracks in steel discs using a sensor 
made by winding copper wire onto a laminated mu-metal core containing an air gap. 
Dawson experimented with various methods of specimen magnetization. The best 
sensitivity was achieved by permanently magnetizing the disc specimens or by 
placing a permanent magnet near the sensor, the latter method producing more 
noise. Dawson noted that the size of the smallest detectable crack depended on the 
background noise, which was determined by the surface finish of the specimen. 
 
Phillips and Chapman [112] used a tape recorder erase head to detect pre-pitting 
fatigue cracks in steel discs. The specimens were magnetized by passing a direct 
current through the probe or placing a magnet in its vicinity, the latter method giving 
greater sensitivity. The signal strength was found to be strongly influenced by the 
tape head angle with respect to the surface of the specimen. The authors‟ rig was 
Figure 2.12 - Inductive sensor passing over a flaw and a typical output voltage. 
Adapted from  [107] and [110]. 
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configured so that the fatigue test was automatically terminated when a crack was 
detected, enabling measurement of life to first detectable crack. 
 
Bai et al. [113] detected artificial defects and rolling contact fatigue cracks in steel 
discs using tape recorder heads. The specimens were magnetized using an 
electromagnet. The authors reported that a 1 µm subsurface crack and a 150 µm pit 
were detected during a fatigue test.  
2.8 Summary 
The published work covered in the present review showed that there is a lack of 
quantitative data on the propagation of surface cracks in rolling contact despite 
rolling contact fatigue having been studied for some eight decades. This makes it 
difficult to provide reliable predictive tools for life to pitting given an existing crack. 
Indeed, the few models and predictions of crack growth rates are not verified 
experimentally. Inevitably, lack of such measurements and quantitative data also 
means that initiation and propagation of RCF cracks are not fully understood. In 
contrast to structural fatigue, it is not clear what the threshold stress intensity factors 
are for a given crack or how contact conditions, such as contact pressure, magnitude 
and direction of friction, instantaneous crack length, presence of lubricant etc. may 
affect crack propagation. The lack of such data and understanding is not surprising, 
given the complexities of rolling contact fatigue and associated difficulties and cost of 
studying it.  
 
Therefore, the current study is designed to first of all develop an experimental 
methodology suitable for studying RCF crack propagation, and secondly, to provide 
detailed observations of RCF crack behaviour and quantitative data on crack 
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propagation rates under varying contact conditions. In addition, once such data is 
obtained, an attempt is made to use basic fracture mechanics methods to provide 
simple laws relating crack propagation rates to contact pressures and crack size. 
Subsequent chapters will describe the experimental method designed to achieve this 
and present and discuss the obtained results.  
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Chapter 3: Experimental design 
This chapter describes the process of experimental design used to establish the test 
procedure to enable the generation of surface initiation rolling contact fatigue cracks. 
First, the test rig used in this study is described. This is followed by the design of the 
test specimens, based on contact pressure calculations. Finally, lubrication 
conditions are discussed, with a calculation of elastohydrodynamic film thickness in 
contact.  
3.1 Test rig 
3.1.1 Test rig selection 
Rolling contact fatigue testing is usually carried out either on full-scale bearing rigs or 
machines which take smaller specimens (bench testers), such as individual rolling 
elements or purpose-made discs. Testing complete bearings enables manufacturers 
to directly establish the performance of their products and build predictive life models 
based on the obtained data. However, detailed study of basic failure mechanisms in 
a laboratory setting requires control of influential variables, in particular the 
kinematics of the system under study, temperature and friction in contact.  This can 
be more easily achieved using a test rig with simple specimen geometries. For that 
reason, all RCF testing in the present project was carried out on a bench-type 
machine. Out of the various RCF rigs developed over the years, disc machines have 
been particularly useful in fundamental studies of rolling contact fatigue 
[2,26,114,115] because they allow conditions such as slide-roll ratio and temperature 
to be precisely controlled. Consequently, the present study employs a modern three 
disc-type machine produced by PCS Instruments called the Micropitting Rig (MPR). 
The rig can be used to reproduce both micropitting and pitting failure modes under 
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closely controlled conditions, as demonstrated in the studies on micropitting wear by 
Benyajati and Laine [15,16,116].  
3.1.2 Micropitting rig description 
The MPR is a contact fatigue tester in which three counter-face disc specimens are 
loaded against a central roller specimen. The general appearance of the test rig can 
be seen in the photograph in Figure 3.1.  
 
Figure 3.1 - Photograph of the Micropitting Rig 
 
The main part of the rig is the test chamber with an integrated loading system, which 
can be seen in the photograph in Figure 3.2. The test chamber houses the specimen 
assembly, which consists of three counterface discs and a small roller specimen, 
each mounted on a separate drive shaft (photograph in Figure 3.3). The top shaft is 
supported by a floating bearing housing suspended on a strain gauged loading arm. 
The loading arm is connected to a ball screw which is driven by a stepper motor. The 
Test chamber Loading system Drive shafts Gearbox Motors 
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schematic diagram in fig 3.4 illustrates the principle of operation of the loading 
system. As the ball screw is wound up by the motor, the top shaft bearing housing 
rotates around a pivot bearing. Load is applied through the top counterface disc to 
the roller specimen and transmitted to the lower two discs. The three counterface 
discs are spaced 120° apart, which gives equal normal reaction forces at the three 
contact points with the central roller. The system allows load to be controlled in the 
range of 0 – 2000 N.  
 
 
Figure 3.2 - Photograph of the Micropitting Rig test chamber and loading 
system 
Test 
chamber 
Stepper 
motor 
Loading arm 
Ball 
screw 
Temperature 
probe 
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Figure 3.3 – Photograph of test specimen set up in the test chamber of the 
MPR test rig 
 
The specimen assembly is dip lubricated, with the counterface discs being partially 
submerged and dragging oil into the contacts during operation. The lubricant sump is 
temperature-controlled. Heating is provided by a cartridge heater built into the test 
chamber casing. In addition, heat exchanger channels run through the base of the oil 
sump so that cooling or heating can be provided using an external unit if required. 
Lubricant temperature is measured using two resistance thermometers: one of them 
measures the temperature at the oil sump and the other is positioned near the test 
specimen, providing a measurement near the surface of the roller specimen. 
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Figure 3.4 - Schematic diagram of the Micropitting Rig 
 
The rig employs two electric motors to drive the discs and roller independently 
through a gearbox. This enables their speeds to be controlled independently, so that 
any slide roll ratio in the range of 0 – ±200% can be achieved. The roller specimen 
shaft can rotate at a maximum of 6000 revolutions per minute, which gives the 
maximum achievable entrainment speed of 4 m/s in pure rolling with the standard 
6 mm radius roller. The three contact configuration allows fatigue cycles to be 
accumulated at rates exceeding 1 million cycles per hour.  
 
The roller specimen shaft is equipped with a torque meter which provides a 
continuous measurement of torque throughout the tests, thus enabling the average 
contact friction coefficient to be monitored. In addition, the MPR rig is equipped with 
an accelerometer which returns a measurement of vibration at the loading arm. The 
vibration signal level is sensitive to pitting damage on the test specimen so the rig 
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can be automatically stopped when failure occurs. The specification of the MPR rig is 
summarized in table 3.1.   
 
Table 3.1 - Specification of the Micropitting Rig 
 
Load [N] 0 - 2000 
Speed [m/s] 0 - 4 
Slide roll ratio 0% to +/- 200 %  
Maximum temperature [°C] 135 
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3.2 Test specimen design 
3.2.1 Test specimen description 
A set of specimens for the MPR rig consists of a test roller and three counterface 
discs, examples of which are shown in the photograph in fig. 3.5. The specimens can 
be manufactured with a variety of geometric profiles, which allows the contact 
pressure and geometry to be selected. The steps taken to select the specimen 
configuration are outlined below.  
 
 
Figure 3.5 – Photograph of Micropitting Rig specimens 
 
The roller specimen selected for this study was taken out of a commercially available 
cylindrical roller bearing. The choice of bearing roller rather than a custom made 
specimen ensured a high level of consistency of material and surface finish quality. 
This is of particular importance in the present study where any material or surface 
finish flaws would alter the stress field and potentially influence the crack 
initiation/propagation behaviour. The geometry of the roller is shown in the drawing 
in Figure 3.6 a). A cylindrical roller was chosen because it allows flexibility in 
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choosing the counterface geometry. A slot was ground in one of the faces of the 
roller in order to fit it in the holder that provides drive in the test rig. The specimen 
with the machined slot is shown in the photograph in Figure 3.6 b). 
    
                                    a)                                                     b) 
Figure 3.6 – a) Drawing of the roller specimen. b) Photograph of the roller 
specimen  
 
Counterface discs for the MPR rig are usually made with two standard profiles 
illustrated in the diagram in Figure 3.7. Chamfered discs paired with a plain roller 
result in line contact geometry. This configuration is generally used for relatively low 
contact pressure tests (up to 2.13 GPa). Chamfered discs are the standard 
specimens for micropitting experiments since it is convenient to measure loss of 
diameter due to wear on a relatively wide (3.2 mm) track. They are however of 
limited use in pitting tests due to the stress concentration occurring at both edges of 
the contact which causes unrepresentatively quick failures. For this reason most 
pitting tests in the present study employ discs with a crowned profile, except for a 
small number of low pressure experiments.  
 
62 
 
 
Figure 3.7 - Schematic of Micropitting Rig counterface disc profiles 
 
3.2.2 Contact analysis 
Contact analysis is performed in order to select the optimum disc crown radius. The 
contact of a crowned disc with a plain roller results in an elliptical contact patch 
geometry, as illustrated in the schematic drawing in Figure 3.8.  
 
 
Figure 3.8 – Schematic drawing of contact ellipse 
 
The value of maximum contact pressure p0 for this geometry is given by: 
   
  
    
 
 
Eqn. (3.1) 
 
Where a and b are the dimensions of the contact ellipse and W is the applied load. In 
order to find the dimensions of the ellipse, the approximate formulae developed by 
Hamrock and Dowson are used [117]. The contact dimensions are given by 
Equations 3.2 and 3.3: 
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Eqn. (3.2) 
    
     
     
 
   
 
 
Eqn. (3.3) 
 
where k is an ellipticity parameter defined as 
          
  
  
 
     
 
 
Eqn. (3.4) 
 
and ε is the simplified elliptical integral given by: 
          
        
  
 
 
Eqn. (3.5) 
 
R’, Rx and Ry are the reduced radii which depend on the geometry of the bodies in 
contact and can be obtained from the following equations: 
 
  
 
 
   
 
 
   
 
 
Eqn. (3.6) 
 
  
 
 
   
 
 
   
 
 
Eqn. (3.7) 
 
  
 
 
  
 
 
  
 
 
Eqn. (3.8) 
 
E’ is the reduced Young‟s modulus defined as 
 
  
 
   
 
 
 
Eqn. (3.9) 
 
where   is the Poisson‟s ratio and E is the Young‟s modulus of the material. For the 
AISI 52100 bearing steel considered here these properties are given in Table 3.2. 
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Table 3.2 – Mechanical properties of AISI 52100 steel 
Density 7.81 g/cm3 
Elastic modulus 210 GPa 
Poisson's ratio 0.30 
 
The above formulae can be used to calculate the value of maximum contact 
pressure depending on the applied load. It is important to consider what contact 
pressure value is appropriate for the present test programme since it strongly 
influences fatigue life. Full-scale rolling element bearing testing in industry is usually 
performed at moderate pressures, i.e. below 2.41 GPa [118]. This is because rolling 
element bearings are generally designed never to experience contact pressures in 
excess of about 3.1 GPa in service [118]. On the other hand, RCF tests performed 
on bench type rigs are usually set up with a relatively high contact pressure, usually 
well over 4.0 GPa [118]. This is done to accelerate the onset of failure, thus reducing 
test times. While accelerated testing is not directly representative of most bearings in 
service, it allows qualitative assessments of the influence of variables on fatigue life. 
In the present project no direct correlation with bearing performance is sought, 
therefore accelerated testing is justified to obtain realistic test times. As such, the 
counterface discs should be designed so that it is possible to reach a relatively high 
contact pressure, in the range of 4.5 – 5.0 GPa. In addition, it is also required to be 
able to test at a more realistic pressure of about 2.5 GPa while maintaining a 
relatively large contact track width. In order to select the optimal specimen geometry, 
the variation of maximum contact pressure with crown radius and load is calculated. 
The results are plotted on the chart in Figure 3.9.  
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Figure 3.9 - Variation of maximum contact pressure with counterface disc 
crown radius within the load range available on the Micropitting Rig 
 
 
It can be seen that the required range of contact pressures can be achieved at a 
crown radius of 10 mm which gives 4.76 and 2.53 GPa at loads of 2000 N and 300 N 
respectively. However, in the case of elliptical contact, it is also important to consider 
how the contact ellipse dimensions change when the load is lowered, since the 
dimensions of the stress field will determine the size of cracks that can be produced. 
Therefore the contact semi-width (a) across the rolling direction is plotted against 
crown radius on the chart in Figure 3.10.  
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Figure 3.10 - Variation of contact semi-width a with counterface disc crown 
radius within the load range available on the Micropitting Rig 
 
It can be seen that for the previously considered counterface disc crown radius of 10 
mm, the contact semi-width falls from 571 µm to 303 µm when the load is dropped 
from 2000N to 300N. This means that it would be impossible to study cracks wider 
than about 600 µm at the lower load condition, since the crack would exceed the 
dimensions of the contact ellipse. In order to overcome this limitation and allow 
larger cracks to be studied at low contact pressures, a second type of specimen is 
used with a crown radius of 45 mm. With this disc the contact pressure of 2.5 GPa 
can be reached at a load of 925N and results in a semi-width a of 865 µm. This 
allows large cracks to be studied at low contact pressures.  
 
The selected counterface disc geometries are shown on the drawing in Figure 3.11. 
The chart in fig 3.12 shows the maximum contact pressures which can be obtained 
with the chosen configuration on the MPR rig.  
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Figure 3.11 – Drawing of counterface disc specimens 
 
 
Figure 3.12 - Variation of maximum contact pressure with applied load for 
selected counterface disc crown radii 
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3.2.3. Test specimen properties 
The specimens are manufactured from through-hardened AISI 52100 bearing steel. 
The chemical composition of the steel is given in Table 3.3. 
Table 3.3 – Chemical composition of AISI 52100 steel 
Iron, Fe 96.5 - 97.32 
Chromium, Cr 1.30 - 1.60 
Carbon, C 0.980 - 1.10 
Manganese, Mn 0.250 - 0.450 
Silicon, Si 0.150 - 0.300 
Sulfur, S ≤ 0.0250 
Phosphorous, P ≤ 0.0250 
 
The hardness of the specimens was measured at the surface using a Vickers 
indenter with a load of 20 kg. The average hardness of the rollers is about 756 HV 
and the discs are hardened to 789 HV. The rollers have a honed surface with an 
average value of 0.02 µm Ra. The counterface discs are ground to an average of 
0.12 µm Ra. Surface profiles of the specimens were measured using a Talysurf 
stylus profilometer and are shown in Figures 3.13 and 3.14 for the roller and disc 
respectively. A summary of the important specimen parameters is given in table 3.4. 
Table 3.4 – Measured average hardness and roughness values of test 
specimens 
 
Counterface disc Roller specimen 
Hardness 789 HV 756 HV 
Roughness 0.12 µm Ra 0.02 µm Ra 
Composite roughness 0.12 µm Ra 
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Figure 3.13 – Example surface profile of an unused roller specimen 
 
 
 
Figure 3.14 – Example surface profile on an unused counterface disc with a 10 
mm crown radius 
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3.3 Lubrication analysis  
In the absence of significant lubricant contamination, the probability of surface crack 
initiation is mainly controlled by the relation between lubricant film thickness and the 
surface roughness of bodies in contact. 
 
Previously Laine [16] has shown that in tests performed on the MPR with similar 
specimens as used presently, severe micropitting occurred at Λ of 0.12, while no 
micropitting wear was found at Λ of 0.16 and greater.  Therefore a Λ value in the 
range of 0.16 to 1 should be optimal for generation of surface initiated pits. In this 
study, the roughness of the test specimens and lubricant properties are fixed, 
therefore the Λ ratio is controlled by the lubricant film thickness alone, which 
depends on the load, friction coefficient, entrainment speed, specimen geometry and 
slide-roll ratio. The following Sections describe a procedure used to calculate the 
value of minimum elastohydrodynamic film thickness, starting with the estimation of 
contact inlet temperature and viscosity. 
 
3.3.1 Contact inlet temperature calculation 
The temperature of the contact inlet determines the viscosity of the fluid in contact 
which is a parameter required to calculate film thickness. The inlet temperature 
depends on the temperatures of both surfaces in contact which can be estimated 
using a thermal model proposed by Olver [58], based on Jaeger‟s theory of moving 
hot spots [119]. The model assumes that frictional heat is generated in contact 
between the specimens and then conducted away into their surfaces. As a result, the 
bulk surface temperature Tb rises above ambient Ta, which in this case is the oil 
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supply temperature, but is below the maximum transient average temperature in 
contact Tc. In order to calculate Tb, the heat partition between the roller (b1) and 
counterface discs (b2) is considered. It is assumed that a portion of heat α is 
conducted into the roller in each of the three contacts while the rest (1- α) enters the 
counterface disc. This can be represented by the thermal network shown in Figure 
3.15.  
  
Figure 3.15 – Thermal network representing the heat distribution between the 
specimens in the MPR rig 
 
Assuming that Tc is equal for the roller and discs, the heat partition α can be obtained 
from 
 
   
           
                    
 
 
Eqn. (3.10) 
 
where B and M are the values of transient and steady state thermal resistances for 
the roller and discs respectively. The calculation of transient resistances can be 
performed using Jaeger‟s expressions for flash temperature rise described in his 
paper on the theory of moving hot spots [119]. In order to determine the steady state 
thermal resistances it is required to consider the discs and roller separately, since 
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they depend on the geometry of the body under analysis. For the discs, the thin-disc 
approximation proposed by Olver can be employed [58]. The roller can be described 
using the small disc approximation also due to Olver [59].   
 
Once the thermal resistances and heat partition are determined, the surface 
temperatures can then be calculated using Equations 3.11 and 3.12 for the roller and 
counterface discs respectively. 
 
          
     Eqn. (3.11) 
 
                 
     Eqn. (3.12) 
 
q’  is the rate of heat generated in contact by sliding friction given by 
 
                    Eqn. (3.13) 
 
where µ is the friction coefficient, W is the normal load and    is the sliding speed. 
Having calculated the surface temperatures of the counterface discs and roller 
specimen, the effective inlet temperature Tb can be calculated as a weighted 
average of the surface temperatures of the discs and roller, as proposed by Olver 
[58]: 
   
           
     
 
 
Eqn. (3.14) 
 
where    and    are the surface speeds for the roller and discs respectively.  
 
The contact inlet temperature can be now estimated within the range of entrainment 
speeds permitted by the MPR rig for the 10 mm and 45 mm radius crowned 
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counterface discs. Table 3.5 shows the parameters used for the calculation.  The 
calculation is performed for the maximum available load of 2000N for entrainment 
speeds between 0 and 4 m/s. In order to examine the effect of sliding on the inlet 
temperature, the estimation is performed at 1%, 5% and 10% of slide roll ratio 
(SRR), which is the ratio of sliding speed and entrainment speed. Lubricant sump 
temperature is set to 65°C. The contact friction coefficient has been experimentally 
measured under the above conditions.  
 
Table 3.5 – MPR Rig operating conditions for the calculation of contact inlet 
temperature 
Load 
Oil sump 
temperature 
Friction 
coefficient 
SRR 
Entrainment 
speed 
2000 N 65°C 0.065 1%, 5%, 10% 0 - 4 m/s 
 
The calculated inlet temperatures are plotted on the chart in Figure 3.16.  It can be 
seen that the temperature increases with entrainment speed. The extent of the 
temperature rise depends on the slide-roll ratio, with negligible increase above sump 
temperature at 1% SRR and larger increase at 10% SRR. Furthermore, it can be 
seen that the specimen crown radius affects the inlet temperature, with higher 
temperatures calculated for the 10 mm disc. The reason for this is the larger contact 
area with the 45 mm which results in better conduction of heat from the roller.  
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Figure 3.16 – Effect of entrainment speed on the contact inlet temperature for 
the 10 mm and 45 mm crowned counterface discs. Applied load 2000 N 
resulting in p0 of 4.76 GPa and 3.23 GPa respectively 
 
3.3.2 Elastohydrodynamic lubricant film thickness calculation 
Having calculated the contact inlet temperatures, the minimum lubricant film 
thickness h0 can be estimated. The formula derived by Hamrock and Dowson [117] 
is employed: 
 
  
  
      
   
    
 
    
          
 
     
 
      
            
 
Eqn. (3.15) 
 
Where U is the entrainment speed, η0 is the lubricant viscosity at atmospheric 
pressure, E’ is the reduced Young‟s modulus, R’ is the reduced radius of curvature, α 
is the pressure viscosity coefficient, W is the applied load and k is the ellipticity ratio 
of the contact patch defined as  
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k = a/b.  Eqn. (3.16) 
 
The lubricant used here is a polyalphaolefin base stock manufactured by Exxon 
Mobil (PAO 5). The viscosity and density of the lubricant were measured using an 
Anton Paar Stabinger SVM 3000 viscometer between the temperatures of 20°C and 
100°C. The results are plotted on the graph in Figure 3.17. 
 
 
Figure 3.17 – Measured viscosity and density of PAO 5 base stock oil at 
temperatures in the rage of 20°C to 100°C 
 
In order to calculate the viscosity at the contact inlet temperatures calculated in 
Section 3.3.1, the method outlined in the ASTM D341-722 standard is used. The 
dynamic viscosity η at a temperature of T can be calculated using Equation 3.17  
 
                                      Eqn. (3.17) 
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where c and d are constants which can be determined using the measured values of 
viscosity at two temperatures, usually 40°C and 100°C. These values for the 
lubricant under study are given in Table 3.6. 
 
Table 3.6 – PAO 5 lubricant data 
Dynamic viscosity η 
[mPas] 
Density ρ [g/cm3] 
Pressure-
viscosity 
coefficient α 
[GPa-1] 
at 40°C at 100°C at 40°C at 100°C 
20.286 3.98 0.8108 0.7732 11.9 
 
The calculated values of minimum film thickness are plotted on the graph in Figure 
3.18. It can be seen that the film thickness calculated for the 10 mm crown disc is 
lower than for the 45 mm crown disc as a result of the higher inlet temperatures 
calculated with the smaller crown radius. In addition, it can be seen that increasing 
the slide-roll ratio significantly lowers the film thickness due to the higher energy 
input into the contacts resulting in temperature increase.  
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 Figure 3.18 - Effect of entrainment speed on minimum film thickness for 10 
mm and 45 mm crowned counterface discs.  
 
Having determined the film thickness, the Λ ratio is evaluated by dividing the value of 
h0 by the measured specimen composite roughness of 0.12 µm. The resulting 
variation in Λ ratio is plotted on the graph in Figure 3.19. Based on these results 5% 
slide roll ratio was chosen for all the present tests since the speed control on the test 
rig is not accurate enough to maintain 1% accurately and 10% results in too high a 
contact temperature and consequently low Λ ratio, which might result in micropitting. 
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Figure 3.19 - Effect of entrainment speed on Λ ratio for 10 mm and 45 mm 
crowned counterface discs 
 
3.3.3 Lubricant chemistry 
In addition to the film forming properties of the oil, its chemical composition is also 
important in RCF testing. When selecting the lubricant a choice has to be made 
between using fully formulated products or pure base stock oils. Fully formulated oils 
usually contain a combination of chemical additives which are designed to work 
together to enhance the performance. However, the exact composition of these 
packages is usually not disclosed by manufacturers. Therefore, to eliminate 
unnecessary complexity related to oil chemistry, the lubricant used in this study is 
based on a pure polyalphaolefin (PAO) base stock. In order to avoid excessive wear 
of the test specimens that could change the geometry and contact pressure, an anti-
wear additive is required. The additive selected here is the well-studied zinc 
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dialkyldithiophosphate (ZDDP) which is added at a concentration of 0.1% wt of 
phosphorus. 
 
3.4 Summary 
This chapter outlined the process experimental design performed with the aim to 
establish a test procedure to reproduce surface initiated rolling contact fatigue pitting 
in laboratory conditions. In order to achieve that, a three-contact disc test rig was 
selected for the test programme, on the basis of the accurate control of conditions it 
allows and its versatility in terms of the accepted specimen geometry and test 
parameters selection.  
 
The test specimens consist of a central roller specimen and three counterface discs. 
The roller specimen was selected from a commercial bearing in order to guarantee 
high and consistent steel quality and surface finish which are important for accurate 
crack propagation measurements. The counterface discs were designed with the aid 
of Hertzian contact analysis in order to obtain the correct range of contact pressure 
and contact geometry values for initiation and propagation of cracks. Three 
geometries of counterface discs were selected: 10 mm crown, 45 mm crown and 
chamfered with a 3.2 mm track width.  
 
In order to ensure that the lubrication conditions promoted surface initiated pitting as 
the most probable failure mode, tests were required to run at a Λ ratio. An estimation 
of the Λ ratio was performed by calculating the inlet contact temperature and 
elastohydrodynamic lubricant film thickness for the selected PAO5 lubricant under 
various conditions. It was determined that the required mixed lubrication conditions 
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would be achieved at an entrainment speed of 3.8 m/s with a slide-roll ratio of 5% 
and lubricant sump temperature of 65°C. 
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Chapter 4: Magnetic crack detection system 
This chapter describes the magnetic crack detection system built for the MPR test 
rig. The implementation of the system on the test rig is outlined. The signal 
processing procedure employed is then explained. Finally, results showing the 
performance of the crack detector are presented.  
4.1 Description of the crack sensor 
The crack monitoring system developed in the present project is based on an 
inductive magnetic sensor of a similar design to that used by Philips and Chapman 
to detect rolling contact fatigue cracks in a twin-disc test rig [112]. Due to the 
compact and fully enclosed design of the MPR test rig employed in the present 
project, the access to the test specimen is restricted in comparison with a disc-on-
disc machine. Therefore the main constraint when selecting the sensor for the 
current application was the size of the detector head. In order to be able to 
continuously scan the running track for cracks during operation of the rig, the sensor 
had to fit into the space between two counterface discs and the test roller. The 
limited available space is illustrated by the drawing in Figure 4.1, which shows the 
dimensions of the available gap which limited the maximum size of the sensor.  
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Figure 4.1 - Schematic diagram showing the space available for the crack 
sensor inside the test chamber of the MPR rig 
 
Apart from custom-made units for special applications, inductive heads of such 
miniature dimensions are only produced commercially for use in magnetic card 
readers, thus a suitable card reader unit was selected.  The dimensions of the head 
are shown in the drawing in Figure 4.2. Figure 4.3 shows a photograph of the head 
and, after removal of the encapsulating epoxy resin with solvent, the internal 
construction of the head is visible in the photograph in Figure 4.4. The design of the 
sensor is similar to an audio recorder tape-head. It consists of a copper coil wound 
around a core to which there are attached two pole pieces. The pole pieces are 
shaped so that a non-magnetic air gap is formed between them at the bottom of the 
head. The core and pole pieces are made from Sendust which is a sintered material 
of high magnetic permeability commonly used in magnetic heads and other inductor 
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applications. Due to the high magnetic permeability of Sendust, the core can become 
magnetised in response to even relatively weak applied magnetic fields, which 
results in high sensitivity. 
 
 
Figure 4.2 – Schematic diagram showing the dimensions of the inductive  
head  
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Figure 4.4 – Photograph of the inductive head with 
the encasing epoxy removed to reveal internal 
design 
Figure 4.3 – Photograph of the inductive head 
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In order to detect defects, the head needs to be positioned over the running track on 
the roller specimen. Of particular importance is the working distance (lift-off) of the 
sensor from the surface of the specimen. This is due to the fact that magnetic flux 
leakage field strength around defects decreases with distance, therefore lift-off 
should be as low as possible for optimal sensitivity. The schematic in Figure 4.5 
illustrates how the magnetic head is positioned with respect to the roller specimen 
while scanning for cracks.  
 
 
 
 
 
In order to locate the sensor in the correct position inside the test chamber, and 
adjustable holder was built for the MPR rig. The inductive head is attached to a steel 
bar which extends into the MPR test chamber through an opening machined in the 
chamber door, as shown in the photograph in Figure 4.6. In addition, the MPR test 
chamber door was modified to accommodate a positioning stage for the sensor 
which is visible in the photograph in Figure 4.7. The bar with the sensor is locked in a 
pin-chuck attached to a rotational stage. This allows the angle of the head to be 
adjusted with respect to the test specimen, which is a parameter that strongly 
Roller 
Figure 4.5 – Sensor alignment with roller specimen 
Running track 
Crack 
Senso
r 
oller 
r Rolling 
direction 
Rolling 
direction 
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influences the sensitivity of the sensor. The rotational stage is bolted onto a set of 
linear stages which provide travel in 3 axes, allowing control of the sensor lift-off and 
position with respect to the running track on the test roller.  
 
 
 
Figure 4.6 – Photograph of the MPR rig test chamber door with the magnetic 
head installed 
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Figure 4.7 – Photograph of crack sensor positioning stage 
 
4.2 Magnetization of the specimen 
In commercial magnetic flux leakage inspection systems specimen magnetization is 
usually achieved using a magnetic yoke which is a device that establishes a 
magnetic field between two pole pieces. The yokes are usually horseshoe shaped 
electromagnets, as shown in Figure 4.8, or permanent magnets designed to produce 
a field direction perpendicular to the main axis of the defects. In order to measure 
flux leakage from defects, a magnetic sensor is placed near the surface of the 
specimen in-between the pole pieces of the yoke.   
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Figure 4.8 – An example of an electromagnetic yoke used in magnetic particle 
inspection of welds 
 
In the current setup, due to space limitations, the use of electromagnets was not 
feasible. Permanent magnets of various shapes and strengths were tested in various 
locations inside the test chamber. The strongest signal was achieved by gluing two 
neodymium disc-shaped permanent magnets to the rear wall of the MPR rig test 
chamber directly behind the counterface discs. The approximate location of the 
magnets is indicated in the schematic drawing in Figure 4.9. 
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Figure 4.9 – Position of the permanent magnets inside the MPR rig test 
chamber. The magnets are located behind the counterface discs. 
 
Phillips and Chapman [112] reported using the magnetic head itself to provide the 
magnetic field by passing a current through the winding. However, they found this 
method less sensitive that using a permanent magnet. This was confirmed in the 
present setup and the reason for that is that the maximum current that can be 
passed through the fine windings of the coil without burning it is too small to produce 
a significant magnetic field.  
 
4.3 Crack detection system components 
The magnetic head is connected to an instrumentation amplifier located outside the 
test chamber. The amplifier provides a gain of 25 which protects the signal from 
noise that is picked up by the cables from the environment before the signal is 
digitized.  
 
Disc magnets 
behind counterface 
discs 
Roller specimen 
Sensor 
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The system makes use of an additional inductive sensor which provides a pulse for 
each revolution of the roller specimen shaft. This signal provides a measure of the 
shaft speed and allows the acquired MFL signal to correlated with the respective 
location on the roller specimen.  
 
The signals from the crack sensor and the position sensor are acquired by a digital 
signal acquisition card using a sampling rate of 1 MHz. The acquired data is then 
processed using a computer which employs signal processing software that was 
written for the application in LabVIEW. During a pitting test, if signal analysis 
determines that a crack has been found, a relay is activated that terminates the test.  
The elements of the system are connected as illustrated on the schematic in Figure 
4.10. 
 
Figure 4.10 - Components of crack detection system 
 
4.4 Signal processing 
Magnetic flux leakage signals acquired using the sensor system must be processed 
appropriately in order to allow the extraction of useful defect signals from the raw 
measurements, which are affected by various sources of noise. It is particularly 
important when detection of small-sized defects is required, as in the present 
application, because the magnitude of the signals of interest is very low. This Section 
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describes the signal processing algorithm designed for the crack sensor and 
implemented for real time signal processing in LabVIEW.    
 
4.4.1 Unprocessed signal characteristics 
Unprocessed magnetic flux leakage signal output was acquired during two 
consecutive revolutions of the roller specimens. The obtained signal is plotted in 
Figure 4.11 against the angular position along the circumference of the roller, which 
was determined with the use of the shaft position sensor described in Section 4.3. In 
this example the roller specimen contained a number of very small surface cracks. 
The signal peaks corresponding to the cracks are indicated by the red arrows in 
Figure 4.11. The remaining signals are noise and must be filtered. It can be seen 
that in this case the magnitude of the useful signal is smaller than the magnitude of 
the noise signals, i.e. the signal to noise ratio (SNR) is smaller than 1.  
 
 
 
 
  
Roller revolution 1 Roller revolution 2 
Angle along roller specimen circumference 
Figure 4.11 - Raw MFL signal acquired during two consecutive revolutions of 
the roller specimen 
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The sources of noise in the MFL measurement are: 
 Sensor vibration 
 Electromagnetic interference from external sources 
 Specimen roughness 
 Magnetic anisotropy of the material 
The main contributor to measurement noise in the present setup is vibration of the 
sensor head. This is an inherent flaw of the currently used positioning system in 
which the head is effectively mounted at the free end of a cantilevered beam. 
Detection of micro-defects requires the lift-off distance of the sensor from the surface 
of the specimen to be minimal. For that reason, the probe is set to be in contact with 
the roller which causes the beam to vibrate. Under these conditions, the high 
sensitivity of the inductive sensor becomes a drawback, since it readily picks up 
vibration. The magnetic head is located within a stationary field of a permanent 
magnet, thus any movement changes the magnetic flux passing through its coil.  
Following Faraday‟s law, this induces voltage of magnitude proportional to the rate of 
change of flux. This magnitude is larger than useful signal for very small cracks, thus 
it strongly modulates the signal. In addition, it does not have a well-defined 
frequency characteristic so it is difficult to filter. Another problem posed by vibration 
is the variation of sensor lift-off distance from the surface. The strength of the 
leakage flux decays rapidly with distance. As a result of the lift-off variations, a 
degree of instability is introduced to the magnitude of the measured defect signals. 
These problems could be solved with a more robust positioning system, which was 
not feasible on the currently used test rig without major modifications due to space 
limitations.  
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Electromagnetic interference noise affects the signal because of electrical devices 
working in the vicinity of the measurement system. The current setup is not strongly 
affected by this type of noise due to correctly designed acquisition hardware, i.e. 
completely shielded signal path and an amplifier designed to reject common mode 
noise.  
 
The signal contributions due to roughness and material anisotropy are not strictly 
noise, since they represent the actual magnetic signature of each specimen. 
However, the current system is concerned with detecting cracks and those signals 
do lower the signal to noise ratio in some cases, therefore they are undesirable. Both 
roughness and material anisotropy produce local variations in magnetic permeability 
and consequently magnetic flux leakage. Valleys between asperity peaks are areas 
of low permeability, similar to pits and dents, only on a smaller scale which results in 
high frequency, low amplitude noise. Magnetic anisotropy of AISI 52100 stems is 
caused by its microstructural composition. The majority of the material is either 
martensite or iron carbide, which are both ferromagnetic. In addition, there is a small 
percentage of retained austenite which is a paramagnetic, which means it has a very 
low magnetic permeability. As a result, grains of retained austenite near the surface 
will give a similar signal to a very small crack. Roughness and anisotropy form a 
background signal that is easy to remove by subtraction since it is relatively 
constant.     
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4.4.2 Signal processing procedure 
Section 4.4.1 described the sources of noise which affected the measurements. A 
procedure was developed to de-noise the signal and it is described step-by-step in 
the following sub-sections.  
4.4.2.1 Signal subdivision 
The first step in the signal processing procedure is to subdivide the MFL signal 
continuously acquired by the A/D converter into parts representing a single 
revolution of the specimen. The digitised MFL signal is stored in a buffer on the 
acquisition card. At the same time as the MFL signal is acquired, the shaft position 
sensor signal is measured by digital counters on the DAQ card. The measurement 
returns the time between the two falling edges of the shaft position pulse, which 
represents duration of a single revolution. Since the clocks of the counters and the 
A/D converter are synchronised, the exact portion of the MFL signal acquired during 
a single revolution can be isolated from the continuous stream of data. This allows 
the position sensor measurement to be used to read the MFL buffer and obtain the 
signal for a single revolution, as shown on the graph in Figure 4.12. 
  
 
 
 
Figure 4.12 - Raw MFL signal acquired during a single specimen revolution. Arrows 
indicate crack signals 
Angle along roller specimen circumference 
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4.4.2.2 Signal length equalization 
The fatigue tests in the present project were run at constant speeds, however, there 
was always some variation in the duration of subsequent revolutions due to 
inaccuracy in the speed control of the motors driving the shafts in the test rig. As a 
result, signals acquired from individual revolutions contain a different number of data 
points. In order to correct that and enable further processing signal lengths are 
equalized using linear interpolation. 
 
4.4.2.3 Wavelet filtering 
The next step is to remove vibration noise from the signal. As mentioned before, this 
noise component has frequency characteristics that make simple digital filters 
ineffective. Other researchers who encountered similar problems turned to filtering 
techniques based on the wavelet transform [107, 109]. Unlike the Fourier transform, 
which only provides frequency information, the wavelet transform also preserves 
spatial information, i.e. it is possible to see in what instant a signal of a given 
frequency occurred. In practice, this means that unwanted signals can be removed 
while not affecting the signals of interest.  
 
The wavelet filtering procedure employed was based on multiresolution signal 
decomposition using the discrete wavelet transform. The biorthogonal (bior3_1) type 
wavelet was selected for the analysis. The algorithm performs 10-level signal 
decomposition. De-noising of the signal is then performed by reducing unwanted 
wavelet coefficients through a thresholding operation. The parameters of the 
thresholding process were tuned so that noise was cancelled without affecting the 
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useful defect signals. Following the thresholding, inverse discrete wavelet transform 
is performed to reconstruct the signal. The results of this filtering operation can be 
seen in the graph in Figure 4.13 which shows the de-noised signal from Figure 4.12. 
The sharp signals corresponding to surface defects remained unaffected while the 
modulating vibration signal is reduced.  
 
 
4.4.2.4 Synchronous averaging 
After wavelet filtering is applied, the SNR of the signal is significantly improved 
however the stability of crack signals is still affected by sensor lift-off variation as 
described earlier. In order to stabilise the measurement, a technique often used in 
vibration analysis called synchronous averaging is used. Synchronous averaging 
involves taking an average of multiple instances of a repetitive signal which removes 
random fluctuations, and thus improves signal to noise ratio.  
 
 
Figure 4.13 – Magnetic flux leakage signal after wavelet filtering was applied.  
Arrows indicate crack signals. 
Angle along roller specimen circumference 
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Figure 4.14 shows a flowchart of the averaging method used. Each averaging cycle 
starts with the acquisition of a reference signal with which the subsequent signals 
are aligned in space. This step is necessary because as a result of sensor vibration, 
the signals from individual revolutions are usually shifted by a few degrees with 
respect to each other along the circumferential direction of the roller. In order to 
ensure that very sharp peaks in the signals are not lost when averaging, it is 
necessary to align all the signals in an averaging cycle with a reference signal. This 
is done by calculating the necessary offset that needs to be applied to each 
revolution. The optimum offset is found when the root mean square of the difference 
between the current and reference signals reaches its minimum, as shown on the 
graph in Figure 4.15. The shifted signals are added to the residual. This is repeated 
Figure 4.14 - Flowchart illustrating the synchronous averaging procedure 
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for N times. The residual signal is then divided by N to obtain and average value. 
Figure 4.16 shows an example of an averaged signal. It can be seen that 
synchronous averaging provides further smoothing of the signal through removal of 
high frequency noise. The main benefit of this procedure however is the fact that 
fluctuations of signal magnitude are removed.   
 
 
 
 
 
 
  
Figure 4.16 - MFL signal after synchronous averaging was applied 
Figure 4.15 – Root mean square of the difference between two MFL signals as a 
function of offset.  
Angle along roller specimen circumference 
Signal offset [points] 
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4.4.2.5 Removal of background signal 
Background signal consists of noise due to roughness and magnetic anisotropy. In 
addition, occasionally pre-existing surface defects are found in unused specimen, 
which give a signal identical to a crack right from the start of the test. These spurious 
signals are removed simply by subtracting an average signal measured at the 
beginning of the test and then subtracting it from every subsequently generated 
average. This removes any background noise from the signal and the difference 
signal voltage can be monitored to detect a crack.  
 
4.4.2.6 Detection of defect signals 
Defects generated during a fatigue test appear in the signals as new peaks. After the 
signal processing procedure outlined above is performed, the signal contains little 
noise. Therefore, in order to detect defects, it is sufficient to monitor the peak-to-
peak voltage level. A threshold voltage value is set above which the software 
activates a relay which terminates the test.  
 
4.5 Crack detection system performance 
The typical shape of the signal measured for a surface crack is shown in the graph in 
Figure 4.17. The signal voltage amplitude, indicated by the red arrow in the graph, 
was found to increase with the size of the defect.  
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Figure 4.17 – Typical magnetic flux leakage signal shape measured for a 
surface crack 
   
The dependence of the signal amplitude on crack size is shown in the graph in 
Figure 4.18, which shows magnetic flux leakage signals measured for a growing 
crack. 
 
Figure 4.18 – Evolution of measured magnetic flux leakage signal with 
increasing crack length 
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This property enables indirect measurement of crack size while a test is running, 
allowing monitoring of crack growth without stoppage and removal of the test 
specimen from the test chamber for inspection. The graph in Figure 4.19 displays 
typical calibration curves obtained by measuring growing surface cracks at a wide 
range of lengths, as illustrated in the sequence of micrographs in Figure 4.20 which 
shows the propagation of Crack 1. It can be seen that the amplitude of the magnetic 
flux leakage signal has a linear relationship with the length of the crack on the 
surface. However, the slope of the calibration line for Crack 1 is different than for 
Cracks 2 and 3, most likely due to the fact that it was measured with a different 
probe which resulted in different alignment of the sensor.  
 
Figure 4.19 – Crack sensor output as a function of crack size 
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Due to the discrepancies in indirect measurement of crack size caused by the 
alignment of the sensor, to which the signal level was found to be very sensitive, the 
crack size information provided by the sensor is currently only treated as a guide and 
not used to extract crack propagation rates. While a good estimation of size is 
provided, further work is required to refine the method, including investigation of the 
influence of the sub-surface crack geometry on the signal.  
 
While indirect propagation rate extraction is not yet possible, the system can 
automatically stop the test when cracks having length of about 100 µm are present. 
The graph in Figure 4.21 presents a typical MFL voltage amplitude curve recorded 
during a pitting test, where the voltage remains relatively constant for most of the test 
Figure 4.20 – Sequence of micrographs showing 
propagation of Crack 1 
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and rises after about 20 million contact cycles due to crack growth. In addition to 
detecting cracks, the system is sensitive to surface debris indentations which arise 
during tests. These events can be distinguished from crack growth due to the 
instantaneous voltage spike that is recorded for a dent as opposed to steady rise 
when crack growth occurs. An example of this can be seen in Figure 4.22 which 
shows a voltage trace from a test where shortly after starting a debris particle 
created dent in the specimen surface. Since this was an instantaneous event, the 
voltage increased immediately instead of growing over time as with a crack.  
 
 
Figure 4.21 - Typical voltage plot during a pitting test. The rising voltage 
towards the end of the test corresponds to crack growth 
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Figure 4.22 - Voltage amplitude spike due to a debris dent  
 
4.6 Limitations and further improvements 
The main limitation of the current implementation of the magnetic flux leakage crack 
detection system stems from the fact that further development is precluded by the 
design of the currently used contact fatigue test rig. The system would benefit from 
several improvements listed below which would require better access to the test 
specimen during the test: 
 Improved positioning system to reduce vibration noise and provide better 
alignment of the sensor 
 Use of electromagnets to achieve more optimal specimen magnetization 
 Testing of different designs of the inductive heads 
 Exploration of different types of magnetic field sensor such as giant 
magnetoresistive heads  
The current sensitivity of the system, which is able to detect 100 µm cracks 
automatically, is mainly limited by the excessive noise due to vibration. However, the 
limit of detection of the magnetic flux leakage crack detection technique itself 
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depends on the type of specimen under measurement, particularly its surface 
roughness and microstructure. However, with advanced signal processing 
techniques, surface finish and microstructure „noise‟ signals can be filtered. 
Therefore, under optimal conditions the MFL technique could potentially provide a 
sub 10 µm limit of detection for fatigue cracks.  
 
In addition, it would be desirable to be able to extract rolling contact fatigue crack 
growth rates indirectly from the output of the sensor, as this would eliminate the need 
to interrupt tests to inspect the specimen, resulting in considerable time saving. 
However, in order to achieve that, more detailed calibration is required, particularly 
focusing on the influence of the surface and subsurface crack shape/size on the 
magnetic flux leakage field.  
 
4.7 Summary 
This chapter described the crack monitoring system built for the MPR test rig which 
employs a miniature inductive magnetic head. The head was installed on the test rig 
on an adjustable positioning stage and connected to a computer through an amplifier 
and a data acquisition card. In order to filter out noise from the measurements, a 
signal processing procedure was designed and implemented using LabVIEW 
software. As a result, the crack monitoring system enables cracks of size of about 
100 µm to be detected after which tests can be stopped automatically. In addition, 
the voltage output of the system was shown to be dependent on crack size, which 
enables indirect in-situ measurements of crack size. While the accuracy of this 
measurement is in the current implementation insufficient to provide indirect 
106 
 
measurements of rolling contact fatigue crack growth, it is feasible with further 
development of the system.   
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Chapter 5: Experimental procedures 
This chapter outlines the experimental procedures used during the present study. 
5.1 Specimen and test rig preparation 
Before starting a test the test specimens and all assembly parts which come in 
contact with oil were ultrasonically cleaned in toluene and then isopropanol. The 
remains of oil from previous test were wiped from the test chamber using paper 
towels. The test chamber was then wiped with a towel soaked in toluene until no 
remaining oil could be found on surfaces. Once cleaned, the specimens were 
inserted into the test chamber and the sump filled with 150 ml of lubricant. The test 
chamber was then shut and test began.   
 
5.2 Test start-up  
All tests began at ambient temperature with a period of running with no applied load 
and pure rolling conditions while the test chamber temperature was increased by the 
built in heating element. After the oil was brought up to the correct test temperature, 
the rig started a loading sequence. The load was gradually increased up to the 
specified value during a period of 2 minutes. Upon reaching the selected load, the 
motors adjusted their speeds to reach the specified values of entrainment speed and 
slide-roll ratio. At this point an external refrigerated circulator was switched on to 
pump coolant through a heat exchanger in the test chamber. This was done to 
remove excess heat generated by sliding and thus ensure the temperature did not 
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exceed the set test temperature. The tests were then run according to the protocols 
described below. 
 
5.3 Initiation of cracks 
In the initiation stage, tests are started with defect-free specimens and run under the 
conditions outlined in Table 5.1. The initiation stage is always performed with the 
crowned counterface disks at a contact pressure of 4.76 GPa. High pressure is used 
in order to accelerate the initiation of cracks. This phase of the test lasts until cracks 
are detected by the crack sensor, at which point the test terminates automatically. 
Alternatively, if cracks of size below the detection threshold of the sensor are 
required, the specimen is inspected periodically and if cracks are found the test 
progresses to the next stage. The roller specimen is taken out of the test rig for 
inspection. Photomicrographs of surface cracks are taken. 
 
Table 5.1 - General test conditions 
Entrainment speed 3.8 m/s 
Slide/roll ratio 5% (roller specimen slower) 
Lubricant polyalphaolefin + ZDDP 
(0.1% P) Lubricant viscosity 25 cSt at 40ºC, 5 cSt at 
100ºC Lubricant supply 
temperature 
65 ±2 °C 
Calculated lubricant film 
thickness 
~ 60 nm 
Initial lambda ratio Λ ~ 0.26 
Contact cycle frequency 1.08 million per hour 
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5.4 Propagation of cracks 
The crack propagation stage starts with a roller specimen that already contains 
cracks. The test conditions remain the same as in the initiation stage with the 
exception of the maximum contact pressure. The value of contact pressure is 
selected to obtain the desired speed of crack propagation, thus either of the two 
types of crowned disks or the chamfered disks are used to obtain required 
conditions. The selection of disks also depends on the crack size. During the test, 
the signal from the crack sensor is used to monitor the crack growth. The test is 
interrupted periodically and photomicrographs of cracks are taken, after which the 
test is restarted. The test is terminated either when a crack of desired length is 
generated or if the crack width approaches the width of the contact 2a, at which point 
pitting usually starts.  
 
5.5 Crack extension measurement 
Crack growth data is obtained by processing the micrographs generated during the 
test. In order to measure crack extensions accurately, subsequent crack images are 
overlaid, as shown in Figure 5.1, and a line is fitted to the new portion of the crack. 
The result is then divided by the number of cycles in each step to obtain the crack 
extension rate per contact cycle dc/dN.  
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5.6 Metallographic preparation 
The first step in metallographic preparation was to cut the specimens. Cutting was 
performed using a Struers Accutom-5 machine with a Struers 50A13 aluminium 
oxide cut-off wheel running at 2000 RPM.  Care was taken to keep the specimen 
temperature low during cutting. This is important to avoid tempering and heat-
induced microstructural transformations near the cutting zone. For this reason the 
specimen was flooded with water during cutting. In addition, to keep the cutting 
forces low, the wheel feed rate was set to a very slow value of 0.005 m/s. The 
sectioned specimen was then hot-mounted in edge-retaining compound in order to 
improve handling during further preparation. The mounting temperature was 150°C 
for 10 minutes in order to avoid tempering.  
 
After mounting, specimens were ground with silicon carbide abrasive papers using 
grit sizes in the following order: P320, P800, P1200, P2400, P4000. This was 
followed by polishing using diamond paste, starting with first 3 µm on MD-DAC cloth 
and finally 1 µm on MD-NAP cloth. This preparation procedure resulted in surface 
finish quality sufficient for etching inspection via SEM and optical microscope. 
1 
2 
Crack extension 
Figure 5.1 – Method of crack extension measurement by overlaying 
sequential crack images 
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5.7 Summary 
This chapter outlined the details of the experimental procedures used in this study 
for the crack propagation tests the results of which are presented in the following 
chapter.   
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Chapter 6: Results 
This chapter describes the results of the crack propagation experiments performed 
during the present study. First, typical appearance and morphology of the observed 
cracks is presented. This is followed by measurements showing the relative duration 
of crack initiation and propagation in the total life to pitting. Next, the effect of crack 
size and contact pressure on propagation rate is shown. Finally, the measured 
propagation rates are analysed using a stress intensity parameter.  
6.1 Observed crack morphology 
The micrographs in Figure 6.1 show examples of typical early surface breaking-
cracks that form in the roller specimen. The smallest observed cracks had a length of 
about 20 µm and at this length already exhibited the characteristic shape of a fan 
typical for RCF crack propagation. The crack length at initiation is therefore likely to 
be well below 20 µm, depending on the dimensions of the local microstructural 
features of the material. In most cases there was no clear initiation site visible. In a 
few cases it was apparent that cracks had initiated at debris indentations or other 
surface imperfections.  
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Figure 6.2 shows a series of micrographs illustrating typical crack propagation. 
Propagation was performed under elliptical contact and a contact pressure of 4.76 
GPa. Cracks grow in the direction of contact motion (i.e. against the rolling direction) 
and against the direction of the contact friction force. Pitting normally occurs shortly 
after cracks grow long enough to span the whole width of the running track. Before 
complete pitting failure occurs, smaller pieces of material tend to break off due to the 
secondary cracks reaching the surface from below. Figure 6.3 shows typical crack 
propagation under line contact, in this case at a contact pressure of 1.73 GPa.  
 
Figure 6.1 - Typical examples of early surface breaking cracks observed  
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Figure 6.2 – Typical example of observed crack propagation. Elliptical contact, 
contact pressure 4.76 GPa 
 
 
 
Figure 6.3 - Crack propagation under line contact. Contact pressure 1.76 GPa 
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In order to examine the crack morphology below the surface, a specimen containing 
a crack of similar size to the final crack shown in Figure 6.3 was sectioned and 
polished. Figure 6.4 shows an example micrograph of the prepared specimen, in 
which the plane of the section was parallel to the rolling direction and passed 
through the middle of the crack in transverse direction. It can be seen that the crack 
propagated into the material at an overall angle of about 20° to the surface. 
However, the crack path contains numerous points at which the direction of 
propagation changes locally. Higher magnification images reveal the existence of 
crack branching at these kinks in the crack path.  
 
A large amount of debris particles are visible inside the crack. This suggests that the 
crack faces might experience significant displacements while being locked with each 
other under the passage of the contact so that debris particles are formed during 
crack faces rubbing against each other.  
 
 
 
Figures 6.5 and 6.6 show higher magnification images of the same specimen as in 
Figure 6.4 obtained using a scanning electron microscope. Crack branching and 
Figure 6.4 - Section through the centre of a crack parallel to rolling direction 
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path deflection is clearly visible in Figure 6.5, while Figure 6.6 shows a secondary 
crack breaking the surface which will eventually lead to a detachment of material and 
pit formation. 
 
Figure 6.5 - SEM image of a specific area of same crack as shown in Figure 6.4 
The image shows crack branching and debris particles inside the crack. 
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Figure 6.6 - SEM image of the area of crack shown in Figure 6.4 in the region of 
crack mouth. Secondary crack reaching the surface is apparent 
 
6.2 Relative duration of crack initiation and propagation 
Total fatigue life is usually split into two phases: crack initiation and crack 
propagation. The former is the time it takes to form an initial micro-crack in the 
material and the latter is the number of cycles required to grow the micro-defect until 
final failure. Since the present set-up allows for early crack detection and subsequent 
following of the growth of early RCF cracks, it is possible to provide some insight into 
the relative duration of these two phases. 
 
The graph in Figure 6.7 shows the relationship between crack length and the 
duration of fatigue life. Fatigue life is represented here by the ratio N/Nf, where N is 
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the cycle number and Nf is the total number of cycles to failure. For the purpose of 
this plot, Nf is defined as the number of contact cycles required to form an 
approximately 1000 µm long surface crack, which is just short of pitting with the 10 
mm crown counterface disc when the maximum load of 2000 N is applied. The crack 
measurements were performed on three roller specimens at a contact pressure of 
4.76 GPa. Each of the curves on the graph represents an individual crack.  
 
 
Figure 6.7 – Crack length as a function of elapsed life ratio 
 
Based on the results shown in the graph, the total life to failure, LT can be 
represented as:  
LT = LD + LSP + LUP  Eqn. (6.1) 
 
where LD, LSP and LUP are the life to first detection of the crack, stable crack 
propagation life and unstable crack propagation life respectively.  
It can be seen that the first of the three phases, LD represented approximately 15% 
of the total fatigue life. At the end of this phase cracks of length in the range between 
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20 µm and 57 µm were found. As explained in Section 6.1, the precise dimensions of 
a crack just after initiation is unknown. However, it is reasonable to assume that the 
earliest cracks observed here had undergone some propagation before they were 
detected, based on the already well-developed characteristic V-shape. This means 
that the life to crack initiation could be significantly shorter than the life to first 
detection, i.e. crack initiation occurred in the very early part of the total fatigue life.  
 
With the crack initiation occurring early, the majority of life to failure is spent on crack 
propagation. The propagation phase can be split into two parts: stable and unstable 
growth. Stable crack growth was recorded for crack lengths between 20 µm and 
about 150 µm. In this regime cracks generally extended at a rate of approximately 1 
– 10 µm / million cycles. This phase was also the lengthiest of all, lasting about 70% 
of total life. The final stage of crack propagation, beyond a crack length of about 150 
µm, can be described as unstable due to the rapidly increasing growth rate with 
crack size. This phase lasted approximately 15% of the total life as shown in Figure 
6.7. The growth rate for cracks between 150 µm and about 1000 µm increases from 
10 µm/106 cycles to about 50000 µm / 106 cycles in the final stages.  
 
6.3 Effect of crack size and contact pressure  
In the Section 6.2 it was shown that crack propagation could be divided into two 
phases with respect to crack size and associated growth rates. Further results 
showing the effect of crack size and contact pressure on growth rate are presented 
in this Section.  
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The plot in Figure 6.8 shows the crack propagation rates measured for a series of 
cracks plotted against the crack length. Propagation was studied at a contact 
pressure of 4.76 GPa. Points appearing directly on the horizontal axis correspond to 
periods of crack arrest, i.e. no measurable crack extension was observed. The graph 
further supports existence of two separate crack propagation regimes. The cracks 
shorter than about 150 µm experienced numerous periods of arrest. In contrast, 
continuous propagation at an increasing rate was observed once the crack extended 
beyond that transition length. 
 
 
Figure 6.8 - Crack propagation rate as a function of crack length at a contact 
pressure of 4.76 GPa. Points directly on the horizontal axis correspond to 
periods of crack arrest. 
 
The plot in Figure 6.9 shows further curves of crack growth rate as a function of 
crack length measured at various contact pressures, under elliptical and line contact 
geometries. It can be clearly seen that in all cases the crack growth rate increases 
greatly with surface crack length, with the rate of increase higher under elliptical 
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contact. It is also evident that in general the effect of contact pressure was to clearly 
increase the propagation rate.  
 
 
Figure 6.9 - Crack propagation rate as a function of contact pressure and 
contact geometry 
 
6.4 Effect of stress intensity parameter 
In linear elastic fracture mechanics, the crack growth driving force is be represented 
by the stress intensity factor K, which characterizes the stress field ahead of the 
crack tip. The stress intensity factor is given by an equation of the general form: 
 
         Eqn. (6.2) 
 
Where Y is a geometric factor depending on the shape of the specimen and location 
of the crack, σ is the remotely applied stress and c is the crack length.  
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Computation of K values for surface breaking rolling contact fatigue cracks is a 
difficult task due to the interactions between the complex state of stress beneath a 
Hertzian contact, surface tractions, friction between crack faces and effects of 
lubricant. For this reason the calculation is usually performed using numerical 
models which indicate that the following variables influence the magnitude of K for 
rolling contact fatigue cracks:  
p0 – maximum Hertzian contact pressure 
c – crack length under the surface of the specimen 
β – crack angle  
c/b – crack length/contact half-width ratio 
µ - contact friction coefficient 
α  - lubricant pressure-viscosity coefficient 
η - lubricant viscosity  
 
The next chapter discusses the predictions of stress intensity factors under RCF 
conditions and its relationship to the observed crack growth rates in more depth. But 
for purposes of this chapter it will simply be assumed that K is related to p0 and c 
according to the general K expression stated above, where c is taken as the crack 
lengths on the surface. This assumption is considered reasonable as all contact 
stresses are proportional to the maximum contact pressure and the actual crack 
length is likely to be related to the measured crack length on the surface. Therefore, 
the crack propagation rates will be plotted against a parameter         , which is 
assumed to be proportional to the stress intensity factor K. The graph in Figure 6.10 
shows crack growth data measured for 22 cracks plotted against this parameter. 
 
cp0
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Figure 6.10 - Crack propagation rate as a function of stress intensity 
parameter. Different markers represent individual cracks. Dotted trend line 
fitted to growth data of cracks longer that 150 µm. Solid trend lines fitted to 
individual cracks shorter than 150 µm. Data for 22 cracks are shown in total. 
 
 
Results are plotted for crack lengths between 20 and 2860 µm at contact pressures 
ranging from 1.76 GPa to 4.76 GPa. The dashed lines mark the boundary between 
growth rates for cracks shorter and longer than 150 µm. The solid trend lines are 
fitted to individual crack data. The dotted trend line is fitted to all data points for 
cracks longer than 150 µm. 
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The plotted results show that there is a distinct difference in behaviour between short 
and long cracks. It is evident that the propagation rate of short cracks decreases with 
increasing crack length, while the growth rate of cracks that propagated beyond the 
length of about 150 µm rapidly increases with crack size.  
 
On the log-log scale used in the plot of Figure 6.8, the crack propagation rate for 
long RCF cracks (beyond 150 µm) as a function of the parameter       falls on a 
straight line. This is an important observation as it means that the crack growth rate 
can be expressed through a Paris‟ type power law relationship. If such relationship is 
fitted to the points beyond crack length of 150 µm in graph 6.10 the following 
relationship is obtained: 
 
  
  
              
    
 
Eqn. (6.3) 
 
 
This result is significant since it enables predictions of remaining life to pitting to be 
made for an existing crack of a given size. This relationship will be discussed further 
in the next chapter. 
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Chapter 7: Discussion 
This chapter provides a discussion of the significance of the work presented in this 
thesis. An attempt is made to compare the present findings to current understanding 
of rolling contact fatigue crack propagation. 
7.1 Observed crack morphology 
7.1.1 Comparison with literature 
 
Before the obtained experimental results can be discussed in the context of studies 
published in the past, it must be established whether the observed failure 
mechanism is representative of generally observed rolling contact fatigue. This can 
be done by qualitatively comparing the observed crack morphology and growth 
behaviour reported in the results chapter with the findings of other researchers. The 
mechanism of failure described in Section 6.1 shares the following features with the 
generally accepted mechanism of surface initiated pitting: 
 Cracks display a v-shaped propagation pattern when viewed at the surface 
 Crack growth occurs in the direction of the travelling contact patch, i.e. against 
the rolling direction 
 Crack growth is observed on the driven surface in the rolling/sliding pair 
 In transverse section view cracks have an initial angle of inclination of about 20° 
to the surface 
 The direction of growth under the surface is against the direction of applied 
surface traction. 
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Considering the above commonalities, it can be concluded that the failure mode 
investigated in the present study is indeed representative of the generally accepted 
mechanism of rolling contact fatigue. 
 
7.1.2 Crack growth trajectory 
The photographs of the sectioned cracked specimen displayed in section 6.1 of the 
Results Chapter show two interesting features in the sub-surface growth paths of 
cracks: crack branching and propagation in steps . The possible reasons for this 
behaviour are discussed here. 
 
Crack branching is a common feature associated with rolling contact fatigue cracks, 
not only in rolling bearings but also in rails [120], and it has been previously 
attributed to the mixed-mode loading conditions prevalent under rolling contact 
[57,85,120]. Attempts have been made to simulate RCF loading cycles using biaxial 
fatigue testers [120–122]. These types of studies generally show that it is difficult to 
propagate cracks in shear mode because of a tendency to branch and grow in a 
direction perpendicular to the applied tensile stress [120–122]. The existence of 
branching cracks in the present experiments suggests that propagation indeed 
proceeded in mixed-mode with large mode II displacement.   
 
Bower [57] attaches particular importance to the propagation of branching cracks 
since they can start the process of pitting by reaching the surface. An example of this 
type of behaviour observed in the present study is shown in Figure 6.6, where a 
secondary crack propagated to the surface, liberating a fragment of the material. 
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This observation confirms that secondary branching cracks in some cases can be 
the mechanism causing pitting. 
 
The other significant feature of the cracks under study is the existence of regular 
steps in the crack path. This is also a feature commonly associated with crack 
advance in mixed-mode [123]. Furthermore, it has been observed that this type of 
morphology can significantly lower the SIFs at the crack tip due to the rubbing 
between the fracture surfaces, especially when significant mode II displacements are 
present [123]. The presence of debris particles in the crack observed here confirms 
that crack rubbing might indeed occur, however it needs to be confirmed that the 
debris is not an artefact of the sample preparation procedure. Another potentially 
important aspect related to regular crack deflection is the influence of microstructure. 
In particular, the prior austenite grain boundaries may be significant in this respect.  
 
7.2 Relative duration of initiation and propagation 
Experimental results shown in Section 6.2 show that crack initiation in the present 
experiments occurred during the early stages of the tests and crack propagation was 
the dominant phase in total life to pitting. This behaviour can be attributed to the very 
low Λ ratio at which the present pitting tests were run. As discussed in the literature 
survey, marginal lubrication conditions promote early crack initiation due to high 
asperity stresses at the surface. Higher values of lubricant film thickness reduce the 
damaging influence of asperities. Cheng [68] et al. observed that raising the Λ ratio 
in their pitting tests from 0.3 to 0.5 significantly reduced the number of surface 
initiated cracks. However, it is possible that increasing the specific film thickness also 
lowers the rates of growth of small surface cracks since they are influenced by 
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roughness stresses [50]. The effect of Λ ratio on the relative duration of initiation and 
propagation life is not simple to predict and more testing is required to investigate it 
at various levels of contact pressure. Nevertheless, it can be assumed that in most 
cases, the propagation phase will be significant as is evidenced in a number of past 
studies on surface initiated pitting [17,43,63,65].   
 
When discussing crack initiation it is important to consider the sensitivity of the 
employed method of crack detection. In order to accurately measure life to initiation it 
is required to detect cracks of size comparable to the microstructural features of the 
material. The magnetic flux leakage detection system used presently is relatively 
sensitive compared to other methods employed in RCF such as techniques based 
on vibration or acoustic emission [124–127] measurements. However, at present the 
setup is not refined enough to detect incipient cracks of the order of ~10 µm so they 
had to be found by visual inspection. The fact that measurement of life to initiation 
depends on the detection threshold means that quantitative comparisons with other 
published studies might be difficult.  
 
7.3 Crack growth behaviour 
Figure 6.10 shows a crack growth curve for rolling contact fatigue cracks where the 
experimentally measured crack propagation rates are plotted against the stress 
intensity parameter p0c0.5. The plot clearly shows that crack propagation is 
dependent on crack size. This type of behaviour is well recognized in structural 
fatigue as shown in Figure 2.10 of Chapter 2, which shows a typical crack growth 
curve obtained in tension-tension tests, displaying the transition between short and 
long crack growth behaviour. The shape of the RCF crack growth curve obtained in 
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this study and shown in Figure 6.10 is very similar, suggesting that similar 
mechanisms might be present in RCF. However, according to the definitions of short 
cracks given by Suresh [75], all the RCF cracks measured in the present study 
would fall under the category of either microstructurally short or mechanically short. 
When long cracks are studied in structural fatigue, they usually measure in excess of 
15 mm [75]. Therefore, while this similarity seems to be significant, no concrete 
conclusions can currently be drawn on whether or not the mechanisms responsible 
for short to long transition in the two fatigue types are identical.  
 
One potential effect that may cause the transition in crack propagation rates is the 
influence of asperity pressure concentrations. The observed cracks at and below the 
transition length are relatively shallow and therefore are likely to be affected by the 
local asperity stress fields. As the cracks grow deeper into material, the effect of 
asperity stresses diminishes and bulk Hertzian stresses become more important 
which may result in a different driving mechanism and therefore a possible transition. 
This effect is evident in the work of Miller et al. [50] who shows that roughness 
effects are included, a local minimum in stress intensity factors occurs as cracks 
propagate deeper into material, crossing the boundary between regions dominated 
by asperity stresses and that dominated by macro Hertz stress field. Figure 6.10 also 
shows that a relatively good fit has been obtained with a Paris‟ type growth law for 
larger cracks. It is quite possible that if the effect of asperities was taken into account 
when working out the value of the local parameter p0c0.5 the growth of the smaller 
cracks would also fall on the same curve – i.e. the points corresponding to the „short 
crack‟ region would effectively be shifted to the right. 
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7.3.1 Discontinuous crack propagation 
The discontinuous nature of propagation of short RCF cracks observed in the 
present experiments is evident in Figure 6.8 and was described in Section 6.3. 
Growth behaviour characterized by frequent decelerations and periods without 
propagation is often associated with microstructurally short cracks [75]. It is thought 
to be due to the sensitivity of crack growth rate to the crystallographic texture of the 
material and crack arrest at grain boundaries [75]. Lankford [128] studied the growth 
of short cracks in a martensitic high strength steel and proposed that crack arrest 
occurred at prior-austenite grains. The AISI 52100 steel used in the present study 
has a comparable microstructure, therefore it is feasible that a similar mechanism 
was operative in present experiments. However, direct evidence of crack arrest at 
grain boundaries is very difficult to obtain in martensitic steels due to their very fine 
and complex microstructures. Lankford [128] did not observe interactions of the 
crack with grain boundaries directly but arrived at his conclusion by relating the 
length of propagation between periods of stoppage to the average size of prior-
austenite grains. In AISI 52100, the prior austenite-grain size depends on the heat 
treatment [129] and in the steel used in the present study it is about 20 µm and over. 
It is possible that the presently observed crack arrests are indeed related to the 
microstructure but this requires further investigation and ideally should be directly 
confirmed by observation.  
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7.3.2 Analysis using LEFM RCF models 
 
In this sub-section the experimentally measured crack propagation data is analysed 
using published numerical results from the LEFM models described in Section 2.5. 
Although a large number of papers were published on this topic, it is difficult to find 
cases that fit the present experimental conditions well. For the purpose of this 
Section, the analysis is limited to three-dimensional models only in order to make the 
comparison as realistic as possible. The studies by Kaneta, Murakami and co-
workers [55,92,93] provide a range of solutions suitable for at least some of the 
cracks measured in the experiments carried out by the author. The authors used a 
numerical method to determine stress intensity factors for an inclined surface 
breaking semi-elliptical crack under rolling contact, including the effect of surface 
traction and fluid pressure in the crack. They analyse line, spherical and elliptical 
contacts. The range of applicability of these models in terms of crack length and/or 
ellipticity ratio is outside the present contact and crack conditions. However, in order 
to provide a rough comparison, the elliptical contact model [93] will be used here, 
given that the present contact geometry is also elliptical.  
 
In order to perform the estimation of SIFs in the present experiments using the 
model by Murakami and co-authors, a number of simplifying assumptions need to be 
made, as the parameters of the published model do not correspond exactly to the 
present experiment. The differences can be summarised as follows: 
 The published results concern cracks which are inclined at 45° to the surface, 
which is more than the angle observed in this study, which is closer to 20° 
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 The half-penny shaped crack is not an exact representation of the actual 
observed cracks, which are not planar and have a curved V-shaped structure 
 The numerical results are for a surface traction coefficient of 0.1 which is larger 
than the presently measured 0.065 and therefore will likely result in 
overestimated SIFs when numerical model is applied to present results 
 The contact ellipse in the model has a ratio of contact semi-width to semi-length 
of 5:1. The ratio of the contact ellipse at 2000 with the 10 mm crown counterface 
disc is 2:1 
 The fluid formulation in the model assumes does not take into account pressure-
viscosity effects 
 The model assumes that the crack is always  fully-filled with oil 
 The non-dimensional stress intensity factor quoted by the paper and used for the 
present estimation is at the deepest point whereas the experimentally measured 
propagation rates refer to the crack growth on the surface only as described in 
Chapters 5 and 6. 
 
Given these differences, it must be stressed that the comparison provided below 
should only be considered in qualitative terms rather than absolute numerical values 
provided. 
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7.3.3 Propagation under rolling contact and tension: comparison 
The SIFs for the experimental cracks were first estimated using the values of non-
dimensional SIFs quoted in table 2 of Murakami and co-authors work [93]. Using 
these stress intensity factors the crack growth rates obtained in the present work are 
then compared with other published crack growth data in AISI52100 steel, even if 
such data is not under RCF conditions. Crack growth curves for this material have 
been published by Beswick [130] for tension tests and Goshima [83] for rotating 
bending. Beswick published data for various compositions and heat treatments of 
AISI 52100 and it is unknown which of his samples best resembles the steel used in 
the present experiments. Therefore, for this comparison data was taken from the 
graph in Figure 2(b) in Beswick‟s work [130] which contains results for a fairly 
standard martensitic heat treatment that should be representative of the commercial 
bearing steel studied here. Beswick obtained the data in a compact tension test with 
a load ratio R = 0.1. Goshima [83] performed crack propagation test in “high 
chromium AISI-52100” using a rotating-bending test rig, however, no further details 
are given. The data points from these papers have been traced and plotted on the 
graph of propagation rates against stress intensity factors in Figure 7.1 together with 
the current RCF data. 
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Figure 7.1 – Plot of crack propagation rates against stress intensity factors 
(obtained using Murakami model for elliptical contact) for data from the 
current study (crosses) and that from Beswick’s compact tension tests and 
Goshima’s rotating bending tests. 
  
y = 3E-11x2.8385 
y = 4E-11x4.1961 
y = 3E-19x6.0813 
1E-14 
1E-13 
1E-12 
1E-11 
1E-10 
1E-09 
1E-08 
0.0000001 
0.000001 
0.00001 
0.1 1 10 100 
C
ra
ck
 g
ro
w
th
 r
at
e
 d
a/
d
N
 [
m
/c
yc
le
] 
Stress intensity factor range ΔK [MPa.m0.5] 
 
Rotating-bending (Goshima) 
Compact tension R = 0.1 (Beswick) 
Rolling contact (present work) 
135 
 
The plot for current RCF data indicates that the ΔK exponent to be used in any Paris‟ 
law type predictions is approximately 6 using the above method for estimating ΔK. 
The equivalent exponent for maximum Hertz pressure, as shown in Figure 6.10, was 
7.5. The knowledge of these exponents makes it possible to predict crack growth 
given an existing crack length and therefore predict the remaining useful life of a 
cracked component. However, it must be stressed that the values of the exponent 
observed here may not be applicable to other contact situations and specimen sizes 
even if made of same material. Furthermore, the values of ΔK obtained with the 
above method are only a rough estimate and the reasons why this estimate may not 
be accurate are discussed later in this chapter. Additionally, the crack lengths used 
to plot Figure 7.1 are those measured on the surface. It is reasonable to assume that 
the sub-surface crack length may be related to this dimension but there is no direct 
evidence for this. Finally, the calculated values of ΔK may be occurring anywhere 
along the crack front whereas the crack extension plotted is for the surface only. 
Therefore, caution must be exercised when using any Paris‟ law approach with the 
exponent values quoted here. Nevertheless, despite all its limitations, the plot of 
Figure 7.1 provides useful representation of the observed crack behaviour in this 
work and at least indicates that Paris law approach is valid for rolling contact fatigue 
crack propagation. 
 
The second interesting observation in Figure 7.1 is that the propagation rates quoted 
by Beswick and Goshima appear to be much higher than the rates measured in the 
present experiment under rolling contact for a given ΔK. Indeed the curves for 
Beswick and Goshima do not match either, although the discrepancy with the current 
results is larger still. As above, the most likely reason for the apparent discrepancy is 
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the inaccuracies in the estimated values ΔK. Therefore, the provided comparison 
should only be considered as a guide. Both compact-tension and rotating-bending 
test methods are well-established and the determination of stress intensity factors is 
straightforward due to simple specimen geometries and loading conditions. 
However, the actual values for the current experiment under rolling contact fatigue 
are much more difficult to obtain and therefore it is likely that the estimated values of 
ΔK using the method outlined above are too high i.e. the curve is shifted to the right 
by inaccuracies in ΔK. 
 
It is worth further considering the difficulties in obtaining accurate ΔK values for RCF 
conditions and possible reasons why the presently calculated values may be an 
overestimate. The relevant factors include: 
 Murakami and co-authors model used does not exactly represent the 
experimental conditions under which the growth data was obtained. In addition, 
even if the model correctly predicts the SIFs, the inputs to the model contain many 
uncertainties, particularly with regards to the crack geometry which was not 
accurately measured during the experiments.  
 Assuming that the model calculates roughly the correct values of nominal ΔK 
under rolling contact conditions, the effective ΔK under experimental conditions 
may still be much lower. Ritchie [74] discusses possible mechanisms for reduction 
in effective ΔK. In the present scenario, perhaps the most important factor is the 
crack face interaction (rubbing) leading to „contact shielding‟ as termed by Ritchie. 
Contact shielding, occurs due to the physical interactions between the fracture-
faces in the wake of the crack tip. This mechanism lowers the effective SIFs by 
decreasing crack opening and/or closure due to the rubbing and wedging of crack 
137 
 
face asperities. The effects of contact shielding are especially pronounced in 
mixed-mode crack propagation, where significant shear displacements are 
present. Therefore it seems probable that this mechanism is operative under RCF. 
Close examination of fracture surfaces using an SEM (Figures 6.5 and 6.6) shows 
that the crack surfaces are irregular, which promotes the contact shielding 
mechanisms. Furthermore, debris particles are visible between the fracture 
surfaces which can be taken as indicative of significant rubbing between them. 
Murakami and Kaneta‟s model only takes into account the locking of crack faces 
by applying a crack face friction coefficient of 0.5, but given the discussion above, 
this may not account for all the complexities of crack face interaction. 
 Any residual stresses that may be present in the material will affect the effective 
values of ΔK. Residual stresses are not considered by Murakami and co-authors 
and are not included in the estimation of ΔK here. Duborg et al. [85] and Hanson 
et al. [56] amongst others show that compressive residual stresses may be 
beneficial in terms of slowing crack propagation.   
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Chapter 8: Conclusions 
This chapter summarises the main results of the study presented in this thesis and 
briefly outlines possible directions of future research in the area. 
8.1 Summary of research findings 
 A crack detection system based on the principle of magnetic flux leakage was 
developed for the MPR rig. The system is capable of automatically detecting 
surface-breaking rolling contact fatigue cracks of about 100 µm in surface length 
and automatically terminating the test. It was found that there is a linear 
relationship between crack size and the voltage output of the sensor. This 
enables indirect monitoring of the crack size during a running test. In addition to 
finding fatigue cracks, the detector is sensitive to debris dents. The addition of the 
crack detection system to the MPR rig enables much earlier detection of defects 
than the standard vibration sensor, which was only capable of detecting pits. This 
unlocks new opportunities for detailed study of rolling contact fatigue crack 
initiation and propagation. 
 
 With the implemented experimental methodology, using a triple contact test rig 
with different specimen geometries and contact conditions, surface initiated 
rolling contact fatigue cracks were successfully generated. The crack morphology 
exhibited all the characteristics of typical RCF cracks found in engineering 
components, including v-shaped appearance at the surface, angle of inclination  
about 20° to 30° to the surface and propagation against the direction of friction. 
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 With the use of the crack detector propagation rates of rolling contact fatigue 
cracks of surface lengths ranging from 20 µm to 2860 µm. Crack growth rates 
were obtained under contact pressures ranging from 1.75 – 4.76 GPa.  
 
 Based on these measurements the relative duration of crack initiation and 
propagation phases to total life was determined. Life proportion to surface crack 
initiation the portion of total life spent in the crack initiation phase was established 
to be less than 15%, this relatively short proportion being most likely due to mixed 
lubrication conditions promoting fast surface initiation. The propagation phase 
played the most dominant role in total specimen life and can be subdivided into 
stable and unstable phases. The stable propagation phase takes about 70% of 
the total life.  The unstable propagation stage begins when a crack reaches a 
length of about 150 µm. In this phase which accounts for the remaining 15 % of 
life, the propagation rate increases rapidly with crack size. 
 
 Crack propagation rate was observed to undergo a transition at crack lengths of 
about 150 µm. For crack shorter than this, propagation rate was decreasing with 
increasing size most likely due to the diminishing influence of asperity stresses. 
For cracks larger than this, crack propagation rate increased rapidly following a 
power law. This behavior is similar to that observed in structural fatigue and 
therefore indicates that the fracture mechanics methods commonly utilized in 
structural fatigue may be applicable to rolling contact fatigue. 
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 When plotted against a parameter p0c0.5 (magnitude of which can be assumed to 
be related to stress intensity factor), the propagation of  „long‟ cracks (cracks 
larger than 150 µm) was shown to be well described with a Paris‟ type 
propagation law, commonly used in structural fatigue:  
 
  
  
            
        
 
 
The exponent of pressure, p0, in this Paris‟ law relationship was therefore 7.5. 
The observation that such a relationship can be fitted to RCF crack growth is 
significant as it potentially provides the means to predict reaming useful life of 
component with an existing crack. However, it should be noted that the exponent 
in the above equation may only be applicable to the contact conditions tested in 
the present study and their applicability to other cases needs to be verified. 
 
 Finally, the observed results were discussed in terms of existing studies of 
structural and rolling contact fatigue. In particular, an attempt was made to 
estimate stress intensity factors for the cracks measured in this study and 
subsequently compare their propagation rates with other crack propagation 
studies conducted in the same material, conducted under simpler loading 
conditions. 
 
Significant discrepancies between different sets of data are observed and it is 
argued that this is due to different test conditions, but also due to uncertainties in 
the predictions of stress intensity factors under rolling contact conditions. 
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8.2 Suggestions for future work 
 
The current study provided useful findings and new insight into the phenomenon of 
rolling contact fatigue. But perhaps its biggest contribution is the development of an 
experimental method suitable for studying RCF reliably and relatively quickly. In view 
of this, the method should be used to conduct further research on the topic as it has 
a potential to significantly improve our understanding of RCF. The following future 
work is suggested: 
 The morphology of observed cracks needs to be studied in detail at various 
stages of crack development. It would be useful to investigate if crack shape and 
size on the surface could be related in any way to the subsurface shape and size. 
This would validate the approach of using crack length at the surface in future 
crack propagation studies but it would also help in estimating stress intensity 
factors more accurately.  
 Following any study on crack morphology, as mentioned above, an attempt 
should be made at developing a 3D numerical model to allow more accurate 
calculate of stress intensity factors for the observed cracks than it is possible with 
the currently available methods. The model should be flexible with regards to the 
contact and crack geometry.  
 In the light of the possible strong influence of microstructural features of the 
material on the growth of RCF cracks, it would be of interest to study the effect of 
microstructure including prior-austenite grain size on crack growth behaviour.  
 In addition to isolating the influence of microstructure, it would be of interest to 
study rolling contact fatigue crack propagation and initiation in other rolling 
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element bearing materials such as M50 and M50NiL and carburised / nitrided 
steel specimens and compare to the results presented here.  
 The magnetic crack detection system can be further refined so that accurate 
measurements of crack size can be performed indirectly. In order to achieve this, 
different types of sensors to measure magnetic flux leakage should be explored. 
In this respect, giant magnetoresistive sensors should be explored as they are 
very sensitive and could provide a measurement of 3D field components which 
could potentially enable very good calibration with crack morphology. 
 Finally, the developed experimental method may be used to study other factors 
affecting rolling contact fatigue not discussed in this thesis. For example, the 
effects of lubricant chemistry, environment and presence of hydrogen are all of 
interest amongst other factors. 
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